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General introduction

1. General introduction of gastric cancer
1.1 Epidemiology

Despite declining incidence and mortality rates of gastric cancer, it still remains the second most
common cause of cancer death worldwide, with approximately 900,000 new diagnosed cases and
700,000 deaths each year.1 Incidence and mortality rates of gastric cancer show large variations
across different countries, with highest incidence rates in Japan and China.2 In Europe, Portugal
has the highest incidence rates (31.9/100,000) and gastric cancer is the leading cause of cancer
death in this country (Figure 1).3 In the Netherlands it ranks fifth as a cause of cancer death, with
approximately 2000 new cases annually.4

Figure 1. Incidence rates of gastric cancer per 100,000 population (from: Rastogi et al. Opportunities for cancer
epidemiology in developing countries. Nat Rev Cancer, 2004; 4(11):909-917).

1.2 Diagnosis

The diagnosis of gastric cancer is usually made by endoscopy in combination with pathological
evaluation of a biopsy specimen. Several methods can be used for pre-operative locoregional tumor
staging. Endoscopic ultrasonography (EUS), computer tomography (CT) or magnetic resonance
imaging (MRI) can be used for the assessment of local depth of invasion.5,6 In addition, laparoscopy
and cytological examination of abdominal washes can increase the accuracy of staging by detection
of peritoneal spread and free tumor cells.7 For established gastric cancers, percutaneous ultrasound
or CT can be useful for treatment decisions or to detect lymph node or liver metastasis. Radiology
with barium meal is used in population screening protocols in Japan, followed by endoscopy if
abnormalities have been detected.5

1.3 Histology
Macroscopy
Gastric cancers can be divided by their location in the stomach in tumors of the cardia, fundus,
corpus and antrum, each consisting of a different type of mucosa. The mucosa of each part of the
stomach consists of a foveolar and a glandular layer. The ratio between the thickness of these layers
varies for each location in the stomach. In the cardia and antrum the ratio between the foveolar
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and the glandular layer is about one, while in the fundus and corpus the foveolar layer comprises
only 1/5 of the total thickness of the mucosa. The glands of the antrum contain mucin-secreting
cells, parietal or oxyntic cells, which produce HCl and intrinsic factor, and gastrin-producing cells
(G-cells). Four main cell types are recognized in the mucosa of the fundus and corpus: mucous
neck cells, parietal cells, chief or zymogen cells, which secrete pepsinogen and lipase, and endocrine
cells that produce serotonin and histamine.8
Gastric cancer growth patterns can be classified into four different macroscopic categories
according to the Borrmann classification. Type I cancers have a polypoid growth pattern, type II
cancers have a fungating growth pattern, type III cancers are ulcerating, and type IV cancers show
diffuse infiltrating growth patterns.5

Microscopy
According to the WHO classification, gastric cancers can be classified in four different histological
patterns, tubular, papillary, mucinous and signet-ring cell. Tubular adenocarcinomas consist of
branching tubules of varying diameters. The tumor cells are columnar, cuboidal or flattened
by intralaminal mucin. The degree of cytological atypia varies from low to high grade. Papillary
adenocarcinomas are well differentiated carcinomas with elongated finger-like processes lined by
cylindrical or cuboidal cells supported by fibrovascular connective tissue cores. The invading tumor
edge is usually sharply demarcated from surrounding structures. In mucinous adenocarcinomas,
more than 50% of the tumor is composed of extracellular mucinous pools, and in signet-ring cell
carcinomas, more than 50% of the tumor consists of isolated or small groups of malignant cells
which contain intracytoplasmatic mucin.5
Another commonly used histological classification of gastric cancers was developed in 1965
by Laurén. According to this classification, two main histological types can be distinguished, the
intestinal type and the diffuse type of gastric cancer.9 Intestinal type gastric carcinoma consists
of glandular structures. The nuclei are large and have a variable morphology (Figure 2A). Diffuse
type carcinomas do not have a glandular structure. The tumor consists of individual cells which
are more uniformly shaped and contain small nuclei (Figure 2B). The cells may have signet-ring cell
morphology.5 Diffuse type carcinoma is more frequently detected in females and generally occurs at
a younger age compared to intestinal type carcinomas. Besides these two main histological types, a
third type, the mixed type gastric carcinoma, can be recognized. This type of gastric cancer shows
a dual pattern of differentiation containing both intestinal and diffuse type of histology (Figure
2C). The survival of patients with mixed carcinomas is significantly worse than those of patients
with other histological types of gastric carcinoma.10,11

A. intestinal type		
B. diffuse type		
C. mixed type
Figure 2. Examples of an intestinal (A), diffuse (B) and mixed type gastric cancer (C).
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1.4 Therapy
Surgery
The only possible curative treatment of gastric cancer is complete surgical resection. Two types
of gastric cancer surgery have been extensively studied. D1 resection, with only removing the
perigastric lymph nodes, and the D2 (extended) surgery, in which not only the perigastric lymph
nodes are surgically removed, but also the regional lymph nodes surrounding the great vessels of
the celiac axis (Figure 3). This extended surgical operation often includes removal of the spleen
and pancreas.12-15 Early gastric cancers, limited to the mucosa, are preferentially treated by local
endoscopic mucosectomy.16,17
Figure 3. Lymph node stations surrounding the
stomach. 1, right cardial nodes; 2, left cardial nodes;
3, nodes along the lesser curvature; 4, nodes along
the greater curvature; 5, suprapyloric nodes; 6,
infrapyloric nodes; 7, nodes along the left gastric artery;
8, nodes along the common hepatic artery; 9, nodes
around the celiac axis; 10, nodes at the splenic hilus;
11, nodes along the splenic artery; 12, nodes in the
hepatoduodenale ligament; 13, nodes at the posterior
aspect of the pancreas head; 14, nodes at the root of
the mesenterium; 15, nodes in the mesocolon of the
transverse colon; 16, para-aortic nodes. In general,
the perigastric lymph node stations along the lesser
(stations 1, 3 and 5) and greater (stations 2, 4 and 6)
curvature are grouped N1, whereas the nodes along
the left gastric (station 7), common hepatic (station
8), celiac (station 9) and splenic (stations 10 and 11)
arteries are grouped N2. The lymph node dissections
are classified as D1 and D2 respectively (from: Hartgrink
et al. Extended Lymph Node Dissection for Gastric
Cancer: Who May Benefit? Results of the Randomized
Dutch Gastric cancer Group Trial. J Clin Oncol 22(11),
2004:2069-2077. Reprinted with permission. © 2008
American Society of Clinical Oncology. All rights
reserved).

Chemotherapy and Radiotherapy
Although gastric cancer is considered to be relatively insensitive to chemotherapy and radiotherapy,
these have been studied and used in several ways. Chemotherapy has been used as palliative
treatment in advanced gastric cancers, as pre-or post operative treatment or for loco-regional
control.18-21 Recent studies showed that neoadjuvant chemotherapy treatment can improve
outcome of patients with resectable gastric cancers.20-24 Recently, a nationwide randomized clinical
trial (CRITICS study) started in The Netherlands, in which the role of postoperative chemo-radiation
in combination with preoperative chemotherapy will be evaluated.25

1.5 Prognosis

Most gastric cancers are detected in advanced stages of the disease. Therefore the prognosis of
gastric cancer remains poor with an overall 5 year survival of 10-20%. Only in Japan, survival of
stomach cancer is moderately good, with an overall survival of 53%. This is due to population
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screening programs which are performed since the 1960s, and lead to dectection of gastric cancers
in early stage.20,26 Early gastric cancers have a much better prognosis, with a 5 year survival of up
to 95%.27

2. Predisposing factors
2.1 Environmental factors
Helicobacter pylori
Infection with H. pylori plays an important role in the pathogenesis of gastric cancers and H. pylori
has been classified as group I carcinogen for gastric cancer.28 Presence of H. pylori is involved in nearly
90% of the intestinal type gastric cancers while the bacterium is involved only in approximately
30% of the diffuse type gastric cancers.29,30 H. pylori related gastric cancers do not differ in terms
of DNA copy number aberrations compared to H. pylori negative gastric cancers, indicating that
gastric cancer progression occurs irrespective of the presence of H. pylori.31 H. pylori disappears
from the gastric mucosa in atrophic lesions and intestinal metaplasia due to increase in pH,
indicating that infection with the bacterium acts primarily at the initiation phase of gastric cancer
development.
Since most gastric cancers develop from gastric mucosa infected by H. pylori, prophylactic
eradication of H. pylori may contribute to reduce gastric cancer incidence. Recently, it has been
shown that eradication of H. pylori indeed reduces the risk of gastric cancer. Also in patients with
moderate or severe atrophy and a history of early gastric cancer, who are at high risk for developing
gastric cancer, H. pylori eradication has been shown to reduce the risk of development of gastric
cancer.32

Epstein-Barr Virus (EBV)
Infection with EBV plays a role in approximately 10% of the gastric cancers.33 The EBV positive
gastric cancers show different clinicopathological characteristics as well as differences in DNA
copy number aberrations compared to EBV negative gastric cancers, indicating distinct pathways
of carcinogenesis.34,35 EBV positive gastric carcinomas occur more often in males and in younger
patients, are mostly of the intestinal type and are more often located in the proximal part of the
stomach. These patients generally have a better prognosis compared to patients with an EBV
negative gastric cancer.34,36,37

Dietary factors
Several studies have indicated a relation between food consumption and the risk of gastric cancer.
High intake of smoked or salted foods is associated with an increased risk of gastric cancer, probably
due to irritation of the gastric mucosa which eventually can lead to the development of atrophic
gastritis. N-nitroso compounds are known to have gastric carcinogenic effects and are positively
correlated with gastric cancer risk. High intake of fruits and vegetables and high vitamin C intake
play a protective role against gastric cancer, presumably due to their anti-oxidant effect.38-40

Other protective or risk factors
Autoimmune gastritis, associated with pernicious anemia, has been described as risk factor of
gastric cancer. Patients with pernicious anemia develop autoantibodies to gastric parietal cells
and to intrinsic factor, resulting in vitamin B12 deficiency, gastric mucosal atrophy and intestinal
12
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metaplasia.41 Acid-suppressive treatment with proton-pump inhibitors, such as omeprazole, leads
to increased risk of atrophic gastritis in patients infected with H. pylori, contributing to increased
gastric cancer risk.42
Alcohol, tobacco smoking and high body weight have also been described as risk factors of
gastric cancer, however results of these studies have been inconsistent.5,43-47 Use of nonsteroidal
anti-inflammatory drugs (NSAIDs) has been associated with decreased gastric cancer risk.48-50

2.2 Hereditary factors

Most of the gastric cancers occur sporadically, however host susceptibility and genetic factors can
play a role. Higher frequencies of gastric cancers have been observed in individuals with blood
group A compared to O and B.51 Also MUC1 and interleukin-1β polymorphisms have been associated
to gastric cancer risk.52,53 In addition there are a few hereditary gastric cancer predisposition
syndromes. Hereditary diffuse gastric carcinoma (HDGC) is associated with germline alterations
in the E-Cadherin gene, and leads to early onset of diffuse gastric cancer.54 Other cancer syndromes
which can involve gastric cancer are Lynch syndrome or hereditary non-polyposis cololectal cancer
(HNPCC), caused by mutations in one of the mismatch repair genes, Li-Fraumeni syndrome (LFS),
caused by germline p53 mutations, familial adenomatous polyposis (FAP), caused by disruption of
the APC gene and Peutz Jeghers syndrome (PJS), due to mutation in STK11.5,55-60

3. Pathogenesis – Morphologic changes
3.1 Correa Model

According to the Correa model, gastric cancer of the intestinal type is preceded by a multistep
process. Normal gastric mucosa becomes an invasive carcinoma through several histological
distinguishable precursor lesions. Due to infection with the bacterium Helicobacter pylori, the
normal gastric mucosal becomes inflammated, a process called gastritis. A persisting gastritis can
cause atrophy of the gastric mucosa and a gradual replacement by cells which do not normally
appear in the stomach but in the intestine. This process is called intestinal metaplasia. This step is
followed by intraepithelial neoplasia and the lesion ultimately may develop into a carcinoma.61 An
important initiating step in this process often is infection with H. pylori. Recent studies evaluating
the incidence, time trends and progression rates of atrophic gastritis, intestinal metaplasia and
gastric dysplasia showed that incidences of these gastric cancer precursor lesions are declining,
probably due to declining incidences of H. pylori infection. However, patients with such premalignant
gastric lesion have been shown to be at considerable risk for developing gastric cancer, especially
patients with gastric dysplasia.62,63

3.2 Gastric adenomas

Although not as common, other types of gastric cancer precursor lesions are gastric adenomas.
The development of a gastric adenoma and the progression to a gastric carcinoma is still poorly
understood. It is believed that H. pylori is involved in the gastric adenoma-to- carcinoma progression
since adenoma growth is inhibited when H. pylori is eradicated. It is still unknown if H. pylori is
also involved in gastric adenoma formation.64 Gastric adenomas can be classified according to
their morphology, as tubular, tubulovillous, villous or as pyloric gland adenomas.65 The different
adenoma types have a different malignant potential, ranging from approximately 5% of the tubular
adenomas to nearly 30% of the tubulovillous and villous adenomas and 40% of the pyloric gland
adenomas.66,67
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4. Pathogenesis – Biology
DNA, RNA and protein
The nucleus of each normal human somatic cell contains 23 pairs of chromosomes, each consisting
of a very long molecule of DNA which is packed into a more compact structure in association with
histones and other proteins to form chromatin. The DNA contains the genetic information, which
is coded in four different bases (adenine, guanine, thymidine and cytosine). The DNA structure
forms a double helix, of which the two strands are complementary (Figure 4). A gene is the part
of the DNA that encodes a protein. For a gene to exert its function, DNA needs to be transcribed
into RNA and then translated into a protein. During the transcription process, messenger RNA
(mRNA) is made and introns (noncoding sequences) are spliced from the exons (coding sequences)
by mRNA splicing processes. Changes in the DNA and in changes in gene expression may disorder
the function of normal cells, thereby potentially transforming it into a cancer cell.

Oncogenes and tumor suppressor genes
In general, genomic changes can lead to the activation of oncogenes and the inactivation of
tumor suppressor genes. Proto-oncogenes are genes whose activity leads to enhanced cell growth
and proliferation. These genes may encode for growth factors, growth factor receptors, signal
transducers, cytoplasmic regulators and transcription factors. When in their mutated form, they are
called oncogenes. Activation of oncogenes can be caused by mutation, translocation, rearrangement
or amplification. A single mutational event can be enough to activate an oncogene.68,69
Genes whose function becomes lost or inactivated in carcinogenesis are called tumor suppressor
genes. These genes have a negative role in the regulation of cell proliferation or other cancer related
processes. Both alleles have to be inactivated in order to abrogate the function of the gene.68-70
Gene inactivation can be caused by any combination of mutation, deletion or methylation, or
other forms of negative regulation, including microRNAs.

MicroRNA (miRNA)
Besides transcription from DNA into RNA and translation from RNA into a protein more complex
factors play a role in gene expression. Recently, a class of small noncoding RNA, called microRNAs
(or miRNAs), has been recognized to influence gene expression. These miRNAs are 20-23 nucleotides
in length and are highly conserved among species.71 MiRNAs are often dysregulated in cancer
and were shown to be directly involved in cancer initiation and progression. Moreover, miRNA
expression patterns in cancers can be correlated with clinically relevant tumor characteristics.
The topic of miRNAs and other small noncoding RNAs influencing gene expression, and how
they can function as oncogenes or tumor suppressor genes, falls outside the scope of this thesis
(for further reading:72-75).

Cancer stem cells
Stem cells are defined as cells that have the ability to renew themselves and regulate differentiation.
Normal stem cells and cancer cells share the self-renewal capacity, and many cancer associated
pathways are also involved in normal stem cell development, e.g. the Notch, Sonic Hedgehog (Shh)
and Wnt signaling pathways.76-78 However, tumors are very heterogeneous and not all cancer cells
are able to proliferate extensively. Only a sub population of cancer cells are tumorigenic and these
are referred to as cancer stem cells, or cancer-initiating cells.79,80 If the cancer-initiating cells can be
identified, new diagnostic markers and therapeutic targets can possibly be developed to improve
cancer treatment. Recently, many studies have focused on identifying the cancer-initiating cells in
14
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several tumor types, including brain, prostate, breast and colon. Expression of CD44 has been used
to identify breast cancer, prostate cancer and colorectal cancer stem cells. In addition, prostate
and colon cancer-initiating cells have been shown to be CD133 positive, as well as brain tumor
initiating cells.81-86 The location of the normal stem cell niche in gastric mucosa has been implied
to reside in the mid-crypt zone of the fundus, and at the base of the antral glands.87 Recently,
LGR5 has been proposed as a specific stem cell marker, in the gastric mucosa. LGR5 positive cells,
somewhat surprisingly, appeared to be present at the bottom of the gland.88

Figure 4. The nucleus of each normal human somatic cell contains 23 pairs of chromosomes, each consisting of a very
long molecule of DNA which is packed into a more compact structure in association with histones and other proteins
to form chromatin (from: http://www.accessexcellence.org/AB/GG/chromosome.html).

Tumor-stroma interactions
For tumors to progress, they are dependent on their surrounding tissue, the tumor stroma. Recently
it has become evident that tumor stroma can have important tumor promoting effects. In addition,
genetic alterations in tumors can be associated with the percentage of stroma cells. Different cancer
genomes can have different effects on tumor–stroma interactions, and interactions between
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cancer cells and their microenvironment can determine the tumor phenotype.89,90 These results
indicate that the tumor microenvironment can be a potential therapeutic target, especially since
stroma cells appear to be genetically more stable compared to tumor cells and are therefore less
likely to develop drug resistance.91
Not much is known about the role of tumor-stroma interactions in the development of gastric
cancer, but inhibition of inflammatory cells and cytokines with non-steroidal anti-inflammatory
drugs (NSAIDs) have been proposed to interfere with or even prevent gastric cancer and lymph
node metastasis.48,92

4.1 Hanahan and Weinberg pathways in gastric cancer

The transformation from a normal epithelial cell to a cancer cell is a multistep process. Hanahan
and Weinberg summarized six essential alterations in the cell physiology which are needed for
malignant cell growth.93 Cells need to acquire autonomous growth signals, become insensitive to
anti-growth signals, become resistant to apoptosis, acquire indefinite replicative potential, acquire
sustained angiogenesis and be able to invade adjacent tissue to form metastasis.

4.1.1 Growth signals

One of the key features of cancer cells is the ability to be self-sufficient in growth signaling. Cancers
can express multiple growth factors and can overexpress growth-factor receptors. Growth factors
often carry tyrosine kinase activities in their cytoplasmic domains, and are overexpressed in many
cancers. Several growth factors and growth factor receptors are known to be amplified and/or
overexpressed in gastric cancer. Erbb2 (17q21.1), one of the members of the epidermal growth
factor (EGF) family, is frequently amplified in gastric cancer of the intestinal type, and related
to poor prognosis.94,95 The oncogene K-ras (12p12.1), a tyrosine-kinase receptor, is mutated and
overexpressed in 3-20% of gastric cancers of the intestinal type.96-99 K-sam (FGFR2) (10q26.13),
a tyrosine kinase receptor for keratinocyte growth factor, is amplified in diffuse type gastric
cancers.100,101 Amplification of C-met (7q31), a receptor like tyrosine kinase for hepatocyt growth
factor, has been observed in both diffuse and intestinal type gastric cancer. Expression of this
oncogene has been found to be correlated with gastric cancer invasion.102-105
The transcription factor C-myc (8q24.12-q24.13) can promote cell growth by activating several
growth promoting genes or by repressing growth inhibitory functions of growth arrest genes.106
Amplification of C-myc has been detected in 15-20% of gastric cancers. However, overexpression of
C-myc has been detected in up to 50% of gastric cancers, and has been correlated to poor clinical
outcome of the patients.107,108

4.1.2 Antigrowth signals

Besides growth stimulating signals, cells need antiproliferative signals to remain quiescence and
to obtain tissue homeostasis. Many antigrowth signals are associated with the cell cycle. One of
the key players in the regulation of antigrowth signals is the retinoblastoma protein (pRb), located
on chromosome 13q14.1.109 In gastric cancer loss of Rb expression has been reported in 20-40%
of the gastric carcinomas and is thought to play a role only in intestinal type gastric cancers.110-112
Another key player in cell cycle regulation is p53 (17p13.1). This tumor suppressor gene is inactivated
in multiple cancer types. In gastric cancer, p53 is frequently inactivated by mutation and loss of
heterozygosity (LOH). Mutations of p53 can already be detected in precancerous gastric lesions.112-114
Other cell cycle proteins and proteins involved in cell cycle regulations with tumor suppressor-like
functions are p16CDKN2/MTS1/INK4A/ARF (9p21), p21WAF1/CIP1 (6p21.2) and p27kip-1 (12p13). Approximately 50%
of the gastric cancers show reduced expression levels of p16CDKN2/MTS1/INK4A/ARF. 110,115 Expression of p21
16
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and p27 is reduced in 40-80% of gastric cancers and has been associated with poor prognosis.115-118
Cyclin D and cyclin E play an oncogenic role in gastric cancer. Overexpression of cyclin D1 (11q13)
and cyclin D2 (12p13) have been reported in 20-50% of the gastric cancers. Cyclin D2 overexpression
has been correlated with poor prognosis in gastric cancer patients. Overexpression of cyclin E
(19q13.1) has been reported in up to 40% of gastric cancers and has also been described to be
correlated with poor prognosis. 119-125
A growth factor with a growth inhibitor effect in normal cells, TGF-β, has an oncogenic role
when normal functioning is disrupted. Expression of TGFβ1 has been detected in 70% of gastric
cancers and has been shown to be an independent prognostic factor.126 In addition, expression
of TGFβ1 has been detected in gastric mucosae of first-degree relatives of gastric cancer patients.
Since TGFβ1 expression has not been detected in healthy individuals, it might be a good marker
for detection of individuals with increased risk of developing gastric cancer.127 Tumor suppressor
gene SMAD4 (18q21.1) is essential for TGF-β signaling and inactivation of SMAD4 by LOH has been
observed in 30% of gastric cancers.128
Tumor suppressor gene APC (5q22.1) plays an important role in regulating the stability and
function of β-catenin, both important components of the WNT signaling pathway. Mutations
of APC have been detected in 20% of gastric cancers and have been detected in 76% of gastric
adenomas. Mutations of APC occur in early stages of gastric adenoma development and seem to
play a limited role in progression to carcinoma.129,130

4.1.3 Apoptosis

Apoptosis, or programmed cell death, plays an important role in eliminating potentially harmful
cells, e.g. cells that have acquired genetic alterations. Resistance to apoptosis is an important feature
of cancer cells. Several genes are known to play a role in the apoptotic pathways and, when lost or
mutated, may contribute to the development of cancer. Besides cell cycle arrest, p53 plays a major
function in induction of apoptosis, by inducing activation of pro-apoptotic genes, such as BAX
(19q13.3-q13.4). BAX antagonizes Bcl2 (18q21.3), which has an anti-apoptotic function. Suppression
of BAX and overexpression of the Bcl2 protein are early events in gastric tumorigenesis.131 Inhibition
of apoptosis through Bcl2 protein expression has been specifically associated with intestinal type
gastric adenocarcinoma.132 Negative BAX protein expression in tumor cells was correlated with
de-differentiation, lymph node metastasis and poor clinical outcome.133
Another gene with a pro-apoptotic function is DCC (deleted in colorectal cancer) (18q21.3).134 In
approximately 60% of the gastric adenomas, LOH at the DCC locus has been detected.135
The tumor suppressor genes PTEN (10q23.3) and FHIT (3p14.2) are inactivated by LOH in
20-30% and in 15-85% of gastric cancers, respectively. LOH of PTEN has already been detected
in precancerous lesions. Both tumor suppressor genes contribute to gastric carcinogenesis by
disrupting apoptosis.136-139

4.1.4 Replicative potential

The ends of all eukaryotic chromosomes are called telomeres, which shorten with each round
of cell division due to failure of the DNA polymerase to completely replicate the 3’ends of
chromosomal DNA. Chromosomes lacking the telomere ends can fuse together which can lead to
chromosomal abnormalities and genetic instability. To prevent this, telomere shortening ultimately
results in cell death.140,141 Cancer cells have the ability to maintain the telomeres and can therefore
replicate indefinitely.142 In the majority of all cancers, this telomere maintenance is achieved by
upregulating telomerase activity, an enzyme that is capable of adding telomeric repeats to the ends
of chromosomes.143 In almost all gastric cancers telomerase activity is present.144
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4.1.5 Angiogenesis

All cells, including tumor cells, depend on the oxygen and nutrition provided by the blood vessels
for their function and survival. In order for a tumor to grow, it needs to induce its own vasculature.
This growth of new blood vessels is called angiogenesis. One of the mechanisms by which tumors
induce angiogenesis is by overexpressing the vascular endothelial growth factor (VEGF) and the
fibroblast growth factors and their receptors (FGFs and FGFRs).145 In addition, integrins and adhesion
molecules mediating cell-matrix and cell-cell adhesion play crucial roles in angiogenesis.146
In gastric cancer, both overexpression and reduced expression of FGF-1 (5q31) and FGF-2
(4q26-q27) have been observed. Reduced expression of FGF-2 has been significantly correlated to
tumor grade.147 In addition, overexpression of FGFR1 (8p11.2-p11.2), FGFR2 (K-sam) (10q26.13), FGFR4
(5q35.1-qter) and VEGF (6p21) have been frequently detected in gastric cancers.148,149 VEGF expression
has been associated to lymph node metastasis and poor survival. Expression of integrin β3 (17q21.32)
has also been correlated to lymph node metastasis and poor survival and its expression has been
shown to act synergistically with VEGF to enhance tumor angiogenesis in gastric cancer.148
VEGF-C (4q34.1-q34.3) protein expression has been significantly correlated with expression of
Cox2 (1q25.2-q25.3). It has been thought that Cox2 mediates VEGF-C overexpression, thereby
promoting lymphatic invasion. Expression of both VEGF-C and Cox2 has been correlated to poor
clinical outcome.150,151

4.1.6 Tissue invasion and metastasis

Tissue invasion and metastasis are hallmarks of malignant growth. For a tumor to form metastasis,
tumor cells need to be able to separate from the primary tumor mass, enter blood or lymphatic
vessels, and be able to produce growth at a distant site from the primary tumor.152 E-Cadherin (CDH1)
(16q22.1) is involved in cell-cell adhesion, and inactivation of this gene is associated to diffuse type
gastric cancers. CDH1 mutations provoke changes in cell morphology and behavior, which may in
turn be correlated to the scattered growth pattern and higher metastatic potential.54,153
Another cell adhesion molecule described to play a role in metastasis is CD44 (11p13). In gastric
cancer, significant correlation of CD44 expression and invasion and lymph node metastasis has
been shown.154 Expression of nm23, known as metastasis suppressor gene, has also been significantly
correlated to lymph node metastasis in gastric cancer.154,155
In addition, matrix metalloproteinases (MMPs) are described to play a role in metastasis.
Expression of MMP-1, MMP-2, MMP-7 and MMP-9 have been significantly associated with lymph
node metastasis in gastric cancer, and expression of MMP-1, MMP-7 and MMP-13 have been
associated to poor prognosis in gastric cancer.156-159
A summary of the genes involved in gastric cancer, described above, is given in Table 1. A summary
of the genes correlated with clinical information is given in Table 2.
Table 1. Hanahan and Weinberg pathways in gastric cancer and the genes involved.
Pathway
Growth signals

Genes involved in gastric cancer
Erbb2, K-ras, K-sam, C-met, C-myc

Anti-growth signals

Rb, p53, p16, p21, p27, cyclin D, cyclin E, TGFβ1, SMAD4, APC

Apoptosis

p53, Bax, Bcl2, DCC, PTEN, FHIT

Replication
Angiogenesis

FGF-1, FGF-2, FGFR-1, FGFR-2, FGFR-4, VEGF, VEGF-C, integrin β3, Cox2

Tissue invasion and metastasis

CDH1, CD44, nm23, MMP-1, MMP-2, MMP-7, MMP-9, MMP-13
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Table 2. Genes involved in gastric cancer correlated with clinical information.
Clinical correlation
Intestinal type
Diffuse type
Tumor grade
Invasion
Lymph node metastasis
Prognosis

Genes
Erbb2, K-ras, C-met, Rb, Bcl2
K-sam, C-met, CDH1
FGF2
C-met
Bax, VEGF, CD44, nm23, MMP-1, MMP-2, MMP7, MMP-9
Erbb2, C-myc, p21, p27, cyclin D2, cyclin E, TGFβ1, Bax, VEGF, Cox2, MMP-1, MMP-7

4.2 Genetic and epigenetic changes

Multiple hits are needed for a normal cell to develop into a cancer cell. An interplay between genetic
and epigenetic changes play a role in the disruption of the normal growth control and function of
the cells which ultimately leads to cancer.160

4.2.1 Genetic instability

In gastric cancer, two types of genetic instability play a role, microsatellite instability and
chromosomal instability.161 Microsatellites are short sequences of 1-4 base pairs in length which are
repeated multiple times. The number of the short repeated sequences is highly polymorphic and
can differ in each person. The microsatellite instability phenotype is the result of a defect in the
DNA mismatch repair mechanism of the cells which results in an increased mutation rate at the
nucleotide level, due to replication errors during the DNA replication process.162,163 The majority of
the microsatellite instable tumors are diploid, i.e. two copies of each chromosome. The microsatellite
instability phenotype can be detected in 15-30% of the gastric adenocarcinomas. These tumors
are more often of the intestinal type, occur more often in females and are associated with older
age, larger tumor size, less lymph node involvement and a better survival.164-166
The majority of gastric cancers have a chromosomal instability phenotype, resulting in gains
and losses of large parts of or even whole chromosomes. These gross chromosomal aberrations
lead to aneuploidy, an abnormal balance of chromosomes, which in turn can cause activation of
oncogenes and inactivation of tumor suppressor genes.161

4.2.2 DNA copy number changes and Comparative Genomic Hybridization (CGH)

Comparative genomic hybridization (CGH) is a technique which has been widely used to analyze
DNA copy number aberrations on a genome-wide scale in a single experiment. This technique has
first been described by Kallioniemi et al. in 1992.167 To measure DNA copy number changes, tumor
and reference DNA are differentially labeled with fluorochromes, usually Cy3 and Cy5 respectively,
and hybridized on metaphase chromosomes. After hybridization, the amount of fluorescent signal
can be measured and a ratio between tumor and reference DNA can be calculated. The resolution of
this technique is limited and therefore array CGH was developed (Figure 5). The first arrays consisted
of elements produced by spotting DNA obtained from large-insert genomic clones, such as BAC
(Bacterial Artificial Chromosomes) or PAC (P-1 derived Artificial Chromosomes) clones, yielding an
average resolution of 1.4 Mb.168-170 Nowadays high resolution tiling arrays exist containing more than
30,000 overlapping BAC clones.171 In addition to BAC arrays, oligonucleotide arrays (oligo arrays)
have been developed. Oligonucleotides have big advantages over BAC arrays. They are cheaper and
easier to work with, since DNA isolation and PCR amplification steps are not necessary. They are
commercially available and can be designed for any organism with a sequenced genome.172-174 The
first oligo arrays consisted of 60-70 mer libraries of approximately 17-19 K172,173 and in a short time
were expanded to 30K.175 Currently, oligonucleotide arrays up to 244K are commercially available
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covering both coding and noncoding sequences (Agilent technologies).
Besides long oligo arrays, short 25 mer oligo arrays exist. These platforms are single channel based
and have the advantage that they can detect single nucleotide polymorphisms (SNPs). Consequently,
they can provide information on loss of heterozygosity (LOH) or allelic imbalance, in addition to
DNA copy number changes. These aberrations do not result in copy number changes, therefore,
they are not detected by other array CGH platforms.176
Since the introduction of (array) CGH technologies, many studies have been published analyzing
DNA copy number aberrations in gastric cancers, and gains and losses of almost every chromosome
have been described. Frequent chromosomal aberrations which are consistently described in gastric
cancer are gains of chromosomes 3q, 7p, 7q, 8q, 13q, 17q and 20q and losses on chromosomes 4q,
5q, 6p, 9p, 17p and 18q. High level amplifications have been consistently described on chromosomes
7q, 8p, 8q, 17q, 19q and 20q.31,177-186
Figure 5. Principles of array CGH.

Schematic overview of the microarray CGH
technique. Tumor and reference DNA are
labeled with Cy3 and Cy5 respectively, and
hybridized on a microarray slide containing
DNA fragments of the genome. Images of
the fluorescent signals are obtained by
scanning and green-to-red signal ratios are
digitally quantified for each target (from:
Weiss et al. J Clin Pathol: Mol Pathol, 1999;
52:243-251).

4.2.3 Multiplex Ligation-dependent Probe Amplification

Another method for studying DNA copy number aberrations is Multiplex Ligation-dependent probe
Amplification (MLPA). This PCR based technique allows studying DNA copy number changes at
the gene level. Up to 40 probes, targeting different gene specific DNA sequences, are added to the
samples and are amplified and quantified. Each MLPA probe consists of a ~60-mer oligonucleotide
with a target-specific sequence, a stuffer sequence and two end sequences that are recognized by
PCR primers. The probe is divided in two parts which can be ligated and amplified by PCR when
both hemiprobes have hybridized next to each other to the target sequence. All probes have the
same end sequence for recognition of the universal primer pair, but a different total length due to
variable length of the stuffer sequences. Therefore, PCR products of the individual probes differ in
length and can be sorted by capillary electrophoresis (Figure 6). This PCR based technique is fast,
easy to perform and requires only 20 ng of human DNA, making it suitable for routine testing.187
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Figure 6. Each MLPA probe consists of a ~60-mer synthetic oligonucleotide with a target-specific sequence, a stuffer

sequence, and two end sequences that are recognized by PCR primers. The probe is divided in two parts, when hybridized
to the target sequence, the two parts can be ligated and amplified by PCR. All probes have the same end sequence for
recognition by the universal primer pair, but different total lengths due to variable length of the stuffer sequences.
Therefore, PCR products of all individual clones differ in length and can be sorted by capillary electrophoresis (from:
Buffart et al. Cell Oncol, 2005; 27:57-65).

4.2.4 DNA sequence mutations

Oncogenes and tumor suppressor genes can be activated and inactivated, respectively, by
mutations in the DNA sequence. Mutations can occur spontaneously as a result of errors in
the DNA replication process, or introduced by certain chemicals, types of radiation etc. Several
different kinds of mutations may lead to disruption of a normal cell function. In a point mutation,
a single nucleotide base is substituted by a different base, in insertions or deletions, basepairs may
be inserted into or deleted from the DNA, which can lead to alterations in the reading frame of a
DNA strand (frameshift mutations) and subsequent premature stop codons. Mutations that lead
to a stopcodon are called nonsense mutations. Mutations where a single nucleotide is changed
leading to a codon that codes for a different amino acid are called missense mutations. Examples
of oncogenes activated by a DNA sequence mutations and tumor suppressor genes inactivated
by DNA sequence mutations described in gastric cancer are K-Ras, and p53 and E-cadherin,
respectively.54,97,188

4.2.5 Epigenetic changes

Normal gene activity can also be disrupted by epigenetic modifications. Two main key players in
epigenetics are DNA methylation and histone modification. Both mechanisms may be involved in
silencing of tumor suppressor genes and thereby contributing to cancer development.

Methylation
Changes in methylation observed by transition from a normal cell to a cancer cell can involve
global hypomethylation, which may be related to the development of chromosomal instability.189
Other changes in methylation patterns involve hypermethylation of gene promoters. Methylation
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can occur on a CpG dinucleotide, i.e. a cytosine that precedes a guanosine in the DNA sequence.
Gene promoters often contain clusters of CpG dinucleotides, called CpG islands, which can
become densely methylated. Hypermethylation of a gene promoter may result in gene silencing,
and can be, in addition to mutation or deletion, one of the mechanisms of inactivating a tumor
suppressor gene.69,190
Promoter hypermethylation of numerous genes has been described to be involved in gastric
carcinogenesis. Methylation of MLH1 gene promoter has been observed in nearly 80% of
microsatellite instable gastric cancers, and can already be detected in early gastric lesions.191,192
Promoter hypermethylation of CDH1 has been described in 30 to over 90% of gastric cancers, with
higher frequencies of CDH1 methylation in diffuse type gastric cancer.193,194 Hypermethylation of
the FHIT gene promoter has been observed in approximately 50% of gastric cancers and higher
frequencies have been observed in gastric cancers without lymph node metastasis.193 Cox2 promoter
hypermethylation has been detected in 20-30% of gastric cancers and has been correlated to better
survival of the patients.151 Also methylation of the tumor suppressor gene Rb1, detected in 45%
of gastric cancers, has been correlated to better survival.195 Methylation of the genes p14, p15 and
p16 has been detected in 31%, 19% and 45% of gastric cancers, respectively.195 Tumor suppressor
gene DCC has been shown to be methylated in 75% of gastric cancers.196

Histone modification
Histone proteins are other important key players in epigenetics. In eukaryotic cells, the DNA is
wrapped around histones to form a complex called chromatin. Five different histone proteins exist,
termed H1, H2A, H2B, H3 and H4. Each nucleosome is composed of two histone copies assembled
in an octameric core with 145-147 bp of DNA wrapped around it (Figure 4).197 When histone tails
are non-acetylated and methylated, the chromatin is densely packed and therefore the DNA is
inaccessible to the transcription machinery. Acetylation or phosphorylation of histones decreases
the interaction with the DNA, resulting in an open chromatin structure accessible for transcription.
Certain histone modifications, such as methylation, acetyletion, phosphorylation and ubiquitination
can participate in gene silencing by changing the structure of the chromatin.198 Alterations in genes
encoding DNA methyltransferases (DNMT), histon acetyltransferases, histon deacetylases (HDAC)
and histon methyltransferases, have been described in multiple cancer types.199
In gastric cancer, expression of DNMT1 (19p13.2), DNMT3a (2p23) and DNMT3b (20q11.2) was
significantly higher compared to para-cancerous tissue and normal gastric tissue.200 The gene
p300 (22q13.2) encodes a histone acetyltransferase that regulates transcription via chromatin
remodeling and plays important roles in cell proliferation and differentiation. Mutations of p300
have been detected in epithelial cancers, including gastric cancer. The gene behaves as a tumor
suppressor gene in intestinal type gastric cancer, where both mutations and LOH were found.
In the diffuse type of gastric cancer, only mutations of this gene have been detected.201,202 Also
HDACs have been described to be overexpressed in gastric cancers. Expression of HDAC has been
correlated with lymph node involvement and has been shown to be an independent prognostic
marker for gastric cancer. HDAC inhibitors (HDIs) have been shown to have anti-tumor activity
in human cancers. Clinical trials with HDIs have already been started for several tumor types and
will probably start soon also for gastric cancer.203,204 The tumor suppressor gene RIZ1 (1p36.21) is
a member of a nuclear histone/protein methyltransferase superfamily. In gastric cancer RIZ1 has
been frequently inactivated by promoter hypermethylation.205
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5. Aims and outline of this thesis
5.1 Aims

Gastric cancer generally has a poor prognosis, and at present the only possible way to cure the
disease is by complete surgical resection of the tumor. The success rate of the surgical resection
largely depends on the stage of the disease. Therefore, early detection and removal of gastric
cancer in an early or even pre-malignant stage, will contribute to improved disease outcome. Other
strategies for improving clinical outcome in gastric cancer include identifying gastric cancers with
high risk of recurrence, or predicting response to the respective therapeutic strategies available.
The biological characteristics of tumors are major determinants of clinical behavior of tumors.
Molecular features of tumors can thus be very helpful estimating this behavior, and are therefore
called biomarkers. In the present thesis, DNA alterations, especially DNA copy number alterations,
have been investigated in several ways as potential biomarkers in the context of gastric cancer.

5.2 Outline

The first part of this thesis presents data on optimizing the microarray comparative genomic
hybridization (array CGH) technology for large sample series. In chapter 2 we describe a method
to select DNAs of which quality is suitable for obtaining good quality array CGH results. In chapter
3 we tested the possibility to perform array CGH analysis without the use of a reference channel in
every experiment, in an attempt to reduce experimental costs. Moreover, with the high resolution
array CGH platform available nowadays, we studied the possibility of simultaneously detecting
copy number aberrations (CNAs) and copy number variations (CNVs) in a single experiment.
In addition to studying DNA copy number changes, the microarray technology provides other
possibilities for genome-wide approaches. In gastric cancers, certain chromosomal regions are
described to be frequently deleted. However, in most of these regions, a tumor suppressor gene
has never been described. Using the GINI (gene identification by nonsense mediated decay)
technology in combination with whole genome copy number analysis, we aimed, in chapter 4, to
identify novel putative tumor suppressor genes inactivated by nonsense mutation and deletion
in gastric cancers.
Array CGH technique is applied in most chapters of this thesis and is mainly used for DNA copy
number profiling of gastric cancers (chapters 6-8). In chapter 5 we analyzed gastric cancer precursors
by array CGH. We studied two different types of gastric adenomas, i.e. intestinal-type and pyloric
gland adenomas, to investigate whether these two adenoma types are different in terms of DNA
copy number aberrations, which could reflect different genetic pathways of gastric carcinogenesis. In
chapter 6 we studied mixed type gastric carcinomas, showing both diffuse and intestinal histological
components within one tumor. Since little is known about this phenotypic divergence within these
mixed type gastric cancers, we studied DNA copy number profiles of both components separately.
In chapter 7 we studied gastric cancers of young and elderly patients to unravel differences in DNA
copy number profiles in relation to age of onset of gastric cancers.
Incidence and mortality rates of gastric cancer show large variations across different countries.
Environmental and dietary factors may influence gastric cancer risk, but not much is known about
biological differences in gastric cancers in different geographic locations. Therefore we investigated,
in chapter 8, the genomic differences in gastric cancers of patients from different origin.
After using array CGH for profiling of gastric cancer subtypes, we aimed to correlate gastric cancer
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profiles to clinical outcome. In chapter 9 we aimed to identify subgroups of gastric adenocarcinomas
with different clinical behavior, based on their DNA copy number profiles. In chapter 10, we
describe a detailed analysis of DNA copy number aberrations of chromsomes, 8, 13 and 20, which
are frequently gained in gastric cancers. We aimed to study DNA copy number changes of genes on
these three chromosomes and to correlate gene specific alterations to clinicopathological data.
For improving disease outcome, markers with prognostic and diagnostic value can be very useful.
The TNM classification is most commonly used to predict prognosis of gastric cancer patients,
but based on this classification system, prognosis is not always accurately predicted. In chapter 11
we aimed to study whether DNA ploidy status of tumors can be used to improve prognostic value
in addition to TNM classification, and which technique to study DNA ploidy, i.e. flow cytometry
or image cytometry, performs best in predicting prognosis of gastric cancer patients. In chapter
12 we studied if gene promoter hypermethylation status can be used as prognostic marker for
gastric cancer patients.
Finally, all the studies are summarized and discussed in chapter 13.
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Chapter 2

Abstract
Background: Array Comparative Genomic Hybridization (array CGH) is increasingly applied on
DNA obtained from formalin-fixed paraffin-embedded (FFPE) tissue, but in a proportion of cases
this type of DNA is unsuitable. Due to the high experimental costs of array CGH and unreliable
methods for DNA quality testing, better prediction methods are needed. The aim of this study
was to accurately determine the quality of FFPE DNA input in order to predict quality of array
CGH outcome.
Material and Methods: DNA quality was assessed by isothermal amplification and compared to
array CGH quality on 59 FFPE gastric cancer samples, one FFPE colorectal cancer sample, two FFPE
normal uvula samples, one fresh frozen and six FFPE HNSCC samples. Gastric cancer DNA was
also quality tested by β-globin PCR.
Results: Accurate prediction of DNA quality using the isothermal amplification was observed in
the colorectal carcinoma, HNSCC and uvula samples. In gastric cancer samples, the isothermal
amplification was a more accurate method for selecting good quality DNA for array CGH compared
to using PCR product lengths. The isothermal amplification product was used for array CGH and
compared to the results achieved using non-amplified DNA in four of the samples. DNAs before
and after amplification yielded the same segmentation patterns of chromosomal copy number
changes for both the fresh DNA sample and the FFPE samples.
Conclusion: The efficiency of isothermal DNA amplification is a reliable predictor for array CGH
quality. The amplification product itself can be used for array CGH, even starting with FFPE derived
DNA samples.
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Introduction
Array Comparative Genomic Hybridization (array CGH) is a powerful method for identifying DNA
copy number gains and losses in tumors on a genome-wide scale.9,19 DNA copy number profiles of
tumors can be used for prognosis prediction and therapy selection.6,7,15,16,18 A major limitation for
using array CGH remains the high experimental costs. High quality DNA, as obtained from cell lines
or fresh frozen tissue, minimizes hybridization failures and therefore overall costs. Nowadays array
CGH is increasingly applied to DNA extracted from formalin-fixed and paraffin-embedded (FFPE)
tissue samples.1,3–5,10,14 Using DNA from FFPE for array CGH has great potential since it opens up the
rich source of large clinical tissue archives, with detailed clinicopathological information including
long-term follow up data. FFPE derived DNA often is of suboptimal quality, which may be due
to degradation and/or fixation induced DNA cross links. Moreover, we have observed that DNA
quality can vary depending on tissue origin; colorectal tumor samples generally give good results,
while gastric cancer samples are intrinsically difficult. Overall, from a certain proportion of cases it
is not possible to obtain good quality array CGH results. Several methods are available to test the
quality of DNA obtained from archival tissue in order to predict the quality of the array CGH result,
such as gel electrophoresis based size fractioning, wavelength coefficients by spectrophotometry
or multiplex-PCR testing.13 However, these methods still leave room for improvement, since in our
hands they do not invariably correlate with array CGH quality. Reliable prediction of array CGH
experimental success has evident financial advantages and can reduce work load. The aim of the
present study was to test a new method, i.e. isothermal whole genome amplification efficiency,
to evaluate genomic DNA quality from FFPE or other samples which may yield suboptimal DNA
for array CGH analysis, and predict the quality of the array CGH result. In addition, we set out to
test the potential of isothermal whole genome amplification as a method for applying array CGH
to amplified genomic DNA of small samples.

Material and methods
Material and DNA extraction

DNA was isolated from 59 FFPE gastric cancer (GC) tissue samples and one colorectal cancer (CRC)
sample as described previously.17 Briefly, areas containing at least 70% tumor cells were marked
on a 4 μm hematoxylin and eosin stained section and 1–8 adjacent series of 10 μm sections,
depending on the amount and cellularity of the tissue, were cut. After deparaffination, selected
tumor areas were manually dissected and the tumor tissue was incubated overnight at 37°C with
1 M sodium thiocyanate to reduce the number of formalin induced cross links between the DNA
strands. DNA was extracted by a column based method (QIamp DNA microkit, Qiagen, Hilden,
Germany). In addition, DNA from seven head and neck squamous cell carcinoma (HNSCC) tissue
samples (one fresh frozen biopsy and six FFPE samples) and one uvula sample (FFPE) were isolated
by micro dissection under a stereomicroscope as described before.12 One uvula sample (FFPE) was
manually dissected. DNA was purified by proteinase K treatment and standard phenol chloroform
extraction and collected by ethanol precipitation.
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PCR-based DNA quality assessment

Quality of DNA isolated from GC tissue samples was tested by amplifying the human housekeeping
gene β-globin by PCR, comparable to what has been described by van Beers et al.,13 with two
primer sets that produce 209 bp (β3 forward primer acacaactgtgttcactagc and β5 reverse primer
gaaacccaagagtcttctct) and 300 bp (β3 forward primer acacaactgtgttcactagc and β6 reverse
primer catcaggagtggacagatcc) products. Of each FFPE sample, 50 ng DNA was added to a mixture
containing 1.5 mM MgCl2, 0.2 mM dNTPs, 0.5 U Taq DNA polymerase (Applied Biosystems,
Nieuwerkerk aan den IJssel, NL), 0.5 μM forward primer (β3) and 0.5 μM reverse primer (either β5
or β6) with a final volume of 25 μl. The PCR reaction was performed for 40 cycles (1 min at 94°C,
2 min at 58°C and 90 s at 72°C) with an initial denaturation of 4 min at 94°C and a final extension
of 4 min at 72°C. Human placenta DNA and deionised water were used as positive and negative
control, respectively. PCR products were visualized on a 2% agarose gel stained with ethidium
bromide. DNA quality was scored based on the largest PCR product, as good (300 bp), intermediate
(200 bp) and poor (no product). DNAs scored as good and intermediate are regarded to be suitable
for array CGH.13

DNA quality assessment by isothermal amplification

100 ng of genomic DNA was combined with 20 μl of primers (Enzo Life Sciences, Farmingdale,
USA) and Nuclease-free water (Enzo Life Sciences, Farmingdale, USA) to a final volume of 39 μl.
After 10 min of incubation at 99°C, followed by 5 min on ice, 10 μl of nucleotide mix (Enzo Life
Sciences, Farmingdale, USA) and 1 μl enzyme (Enzo Life Sciences, Farmingdale, USA) were added,
followed by incubation for 1 h at 37°C. Next, 5 μl Stop Buffer (Enzo Life Sciences, Farmingdale,
USA) was added to stop the reaction. The amplified DNA was purified using the QIAquick PCR
Purification Kit (Qiagen,Westburg, Leusden, NL) according to the manufacturer’s procedures
(Enzo BioScoreTM Screening and Amplification kit, Enzo Life Sciences, Farmingdale, USA). The DNA
yields after amplification were measured with a Nanodrop ND-1000 spectrophotometer (Isogen,
IJsselstein, NL) and DNA quality was scored according to the total yield of the DNA as excellent
(>10 μg), good (3–10 μg), intermediate (1–3 μg), poor (<1 μg) and no DNA input (<0.5 μg). DNAs
scored as excellent, good and intermediate can be labeled for array CGH analysis according to the
manufacturer.

Array CGH procedures

DNA from GC samples was hybridized onto 5K BAC arrays and CRC, HNSCC and uvula derived DNA
on 30K oligonucleotide arrays. BAC CGH and oaCGH were performed as previously described.11,14
Briefly, 600 ng tumor and reference DNAs, either amplified or non-amplified, were labeled by
random priming (Bioprime DNA Labeling System, Invitrogen, Breda, NL) in a 50 μl reaction with
Cy3 dCTP and Cy5 dCTP (Perkin-Elmer Life Sciences) respectively. Test and reference labeled
genomic DNA were combined and co-precipitated with 100 μg Cot-1 DNA (Invitrogen, Breda,
NL) for BAC CGH arrays and with 10 μg Cot-1 for oaCGH arrays by adding 0.1 volume of 3 M
sodium acetate (pH 5.2) and 2.5 volumes of ice-cold 100% ethanol. The precipitate was collected
by centrifugation at 14,000 rpm for 30 min at 4°C, and dissolved in 130 μl hybridization mixture
containing 14.3% dextran sulphate (USB), 35% formamide (Invitrogen, Breda, NL), 2 × SSC (Sigma)
and 4% SDS (Sigma). The hybridization solution was heated for 10 min at 73°C to denature the DNA,
and then incubated at 37°C for 60–120 min to allow the Cot-1 DNA to block repetitive sequences.
Hybridization was performed in a hybridization station (Hybstation12 –Perkin-Elmer Life Sciences,
Zaventem, BE) and incubated for 38 h at 45°C. After hybridization, slides were washed six times
in 50% formamide, 2×SCC, pH 7.0 at 45°C, and twice in PN buffer (0.1 M sodium phosphate, 0.1%
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nonidet P40, pH 8.0) at room temperature, twice with 0.2×SCC and twice with 0.1×SCC. Slides
were dried by centrifugation at 1000 rpm for 3 min at room temperature.

Array CGH image acquisition and data analysis

Digital images of the arrays were acquired by using a dedicated microarray scanner G2505B (Agilent
technologies, Palo Alto, USA). Spot analysis and quality control were performed fully automatically,
using BlueFuse 3.4 software (BlueGnome, Cambridge, UK). When the BlueFuse quality flag was
below 1 or the confidence value was below 0.1, spots were excluded from further analysis. The log2
tumor to normal fluorescence ratio was calculated for each spot and normalized against the mode
of the ratios of all autosomes. Breakpoints for gains and losses were defined over chromosomes
1–22 using a segmentation algorithm.8

Array CGH quality assessment

Array CGH quality was assessed by means of the median absolute deviation (MAD) of the log2 ratios
of a chromosome arm without a breakpoint. In all tumors, log2 ratios of (part of) chromosome
2p were used for MAD value calculations, except for one tumor in which the MAD value was
calculated over chromosome 2q because of a breakpoint on chromosome 2p. MAD values <0.12,
≥0.12, <0.18 and ≥0.18 were considered as representing good, intermediate and poor quality array
CGH result, respectively.

Statistical analysis

One way ANOVA with Bonferroni p-value correction was used to evaluate pair-wise differences of
MAD values between the different categories of the total DNA yield after isothermal amplification
(good, intermediate and poor). Linear regression was used to calculate and test the slope between
MAD values and total DNA yield (SPSS 12.0 for Windows, SPSS Inc.,Chicago, IL, USA). Two cases were
excluded from statistical analysis since the MAD values were extremely high (0.510 and 0.960).

Results
DNA quality testing for array CGH

DNA quality of all 59 GC tissue samples was tested using two methods, β-globin PCR and the
isothermal amplification, and results of both methods were compared to the MAD value of the
array CGH results. When using the PCR-based quality test, 29 samples (49.2%) showed a 209 bp and
a 300 bp β-globin PCR product and 30 samples (50.8%) showed only the 209 bp product (Figure 1).
There where no samples without any PCR product. Using the isothermal amplification method,
DNA of six samples (10.2%) was classified as good quality, 29 samples (49.2%) as intermediate
quality and 24 samples (40.7%) as poor quality. As to the array CGH results, 22 tumors (37.3%)
showed good profiles with a median MAD value of 0.107 (0.092–0.157), 29 tumors (49.1%) showed
an intermediate quality profile, median MAD value 0.120 (0.088–0.171) and eight tumors (13.6%)
showed poor profiles, median MAD value 0.164 (0.096–0.960) (Table 1, Figure 2). MAD values
were significantly different between good and poor and intermediate and good quality array CGH
profiles (p < 0.0001) but not between intermediate and good quality array CGH profiles (p = NS).
A significant difference from zero was observed between the MAD value and the total DNA yield
after isothermal amplification (p = 0.002) with a standardized slope coefficient of 0.40 (Figure 3).
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Figure 1. Gel image of a β-globin PCR. DNA samples in lanes 2, 3, 6, 7 and 8 show a PCR product of 200 bp (intermediate
DNA quality) and DNA samples in lanes 1, 4, 5, 9 and 10 show both 200 bp and 300 bp products (good DNA quality). M
= marker, + = positive control, - = negative control.

According to van Beers et al.13 DNA samples with PCR products larger than 200 bp yield successful
array CGH results. When comparing array CGH results with the results of β-globin PCR, DNA with
a PCR product > 200 bp did not always yield high quality array CGH results, since DNA of eight
of these samples showed poor array CGH profiles (13.6%). When assessing DNA quality based on
the result of isothermal amplification, poor quality array CGH profiles were only obtained from
poor quality DNAs and good and intermediate DNA quality did not yield poor quality array CGH
profiles (Table 1, Fig. 3). Of all 35 DNA samples with good or intermediate quality, 18 (30.5%) and
17 (25.4%) resulted in good and intermediate array CGH profiles, respectively. Four samples (6.8%)
still showed good quality array CGH profiles and 12 samples (20%) showed intermediate quality
array CGH profiles, when the DNA was of poor quality according to the isothermal amplification
scoring system. The colon carcinoma sample, the seven HNSCC samples and the two uvula samples
were tested using the isothermal amplification method only. Results are shown in Table 2. Good
correlation between array CGH quality and prediction by isothermal amplification was found.
Figure 2. Box plot of DNA quality measure
obtained by isothermal amplification (x-axis; good,
intermediate and poor) versus array CGH outcome
(MAD values). Median MAD values (line across the
box) are 0.107, 0.120 and 0.164 respectively. The box
represents 50% of the data values and the whiskers
represent the maximum and minimum values
except for the outliers which are marked with circles.
+ significant difference between good and poor
and between intermediate and poor DNA quality.
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Table 1. Representation of the 59 GC samples (FFPE). DNA quality was initially scored according to the largest product
size obtained by β-globin PCR (PCR). Samples with fragments of at least 300 bp were scored as good DNA quality and
samples displaying 209 bp fragments were scored as intermediate (interm) DNA quality. In addition, DNA quality was
scored according to the isothermal amplification (DNA yield and DNA quality), and according to array CGH results based
on the MAD value (MAD value and CGH result). Scores are good, intermediate (interm) or poor.
Sample
number

PCR
(bp)

DNA
quality

MAD
value

CGH
value

Sample
number

PCR
(bp)

Good
Good

DNA
yield
(ug)
4.98
4.67

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

DNA
quality

MAD
value

CGH
result

Interm
Interm

DNA
yield
(ug)
2.40
2.62

Good
Good

0.096
0.092

Good
Good

31
32

Interm
Interm

0.128
0.162

Interm
Interm

Good
Good
Interm
Good
Interm
Good
Good
Good
Good
Good
Interm
Interm
Good
Good
Good
Good
Good
Good
Good
Good
Good
Interm
Interm
Good
Good
Good
Good
Good

5.80
3.89
3.41
7.33
2.34
2.44
1.08
1.58
1.72
1.83
1.45
1.15
2.54
2.00
1.28
1.48
2.52
2.28
1.87
2.00
1.91
2.40
2.18
1.94
1.60
1.87
1.66
1.90

Good
Good
Good
Good
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm

0.102
0.157
0.111
0.127
0.118
0.105
0.124
0.111
0.117
0.116
0.137
0.171
0.104
0.138
0.084
0.093
0.105
0.131
0.131
0.163
0.160
0.121
0.088
0.110
0.133
0.123
0.111
0.095

Good
Interm
Good
Interm
Good
Good
Interm
Good
Good
Good
Interm
Interm
Good
Interm
Good
Good
Good
Interm
Interm
Interm
Interm
Interm
Good
Good
Interm
Interm
Good
Good

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

Good
Good
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Interm
Good
Good
Interm
Interm
Interm
Interm
Interm
Interm
Good
Interm
Interm
Interm
Interm
Interm

1.58
1.16
2.77
0.45
0.64
0.68
0.56
0.55
0.60
0.69
0.48
0.44
0.51
0.25
0.21
0.15
0.39
0.66
0.46
0.56
0.61
0.93
0.62
0.51
0.49
0.24
0.50

Interm
Interm
Interm
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Poor

0.117
0.125
0.139
0.959
0.511
0.289
0.199
0.154
0.140
0.187
0.167
0.145
0.136
0.169
0.116
0.149
0.168
0.176
0.161
0.115
0.092
0.096
0.178
0.183
0.253
0.160
0.184

Good
Interm
Interm
Poor
Poor
Poor
Poor
Interm
Interm
Poor
Interm
Interm
Interm
Interm
Good
Interm
Interm
Interm
Interm
Good
Good
Good
Interm
Poor
Poor
Interm
Poor

Comparison hybridization of amplified and non-amplified DNA

To test the linearity of the isothermal amplification procedure, hybridizations before and after
DNA amplification were performed on two different array CGH platforms with tumor DNA from
three different tissue types. Two GC samples were hybridized on oligonucleotide arrays and BAC
arrays. The CRC sample and the HNSCC sample were hybridized on oligonucleotide arrays only.
According to isothermal amplification scoring system, DNA from GC and CRC samples (FFPE) were
of intermediate quality score, and the DNA of the HNSCC sample (fresh-frozen) was of excellent
quality score. Array CGH using DNA before and after amplification showed the same pattern of
chromosomal aberrations after segmentation for all samples independently of the platform (Figure
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4 and Suppl. Figure 1: http://www.qub.ac.uk/isco/JCO). MAD values of chromosome 2p of array CGH
results of amplified and unamplified DNA were comparable for 4 out of 6 samples tested. Only the
CRC sample and the GC2 sample (oaCGH), showed an increased MAD value when using amplified
DNA (0.117 versus 0.127 for the CRC sample and 0.159 versus 0.239 for the GC2 sample).

Figure 3. Correlation of MAD values (x-axis) and total DNA yield (µg) obtained after isothermal amplification

(y-axis). Each diamond represents one sample. Color of the diamonds represent DNA quality obtained by β-globin
PCR; light grey diamonds represent samples with an intermediate (interm) DNA quality (200 bp product) and
black diamonds represent samples a good DNA quality (both 200 bp and 300 bp products). The three different
categories good, intermediate (interm) and poor are indicated for both the MAD values and the total DNA yield.

Table 2. Results of DNA quality testing using the isothermal amplification (DNA quality) and array CGH results (CGH
result) of the CRC, HNSCC and uvula samples. Scores are excellent, good, intermediate and poor.
Sample
CRC

Material
FFPE

Macrodissection

DNA quality
Intermediate

CGH result
Good

HNSCC
HNSCC

Fresh frozen (biopsy)

Microdissection

Excellent

Good

FFPE

Microdissection

Poor

HNSCC

Poor

FFPE

Microdissection

Poor

Poor

HNSCC

FFPE

Microdissection

Poor

Poor

HNSCC

FFPE

Microdissection

Poor

Poor

HNSCC

FFPE

Microdissection

Poor

Poor

HNSCC

FFPE

Microdissection

Poor

Poor

Uvula

FFPE

Microdissection

Excellent

Good

Uvula

FFPE

Macrodissection

Excellent

Good
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Figure 4. OaCGH results of the HNSCC sample before and after amplification using the isothermal amplification show
the same pattern of chromosomal aberrations (A). A detail of the copy number gain and loss on chromosome 10 and
11 (B). Log2 ratios were calculated with a weighted moving average, 2 using a window of 250 kb, and plotted according to
chromosome position (from chromosome 1 to Y).
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Discussion
Archival FFPE tissue samples are an important source for studying large clinical sample sets by array
CGH, especially of tumors, since genomic information can be correlated to clinical pathological data
and patient outcome. A major advantage of array CGH over expression arrays is the possibility to
use archival FFPE material. A major limitation of array CGH however remains the high experimental
costs. Costs can substantially be reduced by improving the success rate of array CGH experiments
through omitting poor quality samples. Methods such as gel electrophoresis and PCR technologies
have been used to test DNA quality, but are not always reliable predictors for array CGH quality.
In the present study, length of PCR was not a reliable predictor for array CGH success, since within
the group of 200 bp products DNA resulting in intermediate and poor quality array CGH results
cannot be distinguished. When using only the DNA samples yielding PCR products of at least 300
bp, 18 samples (30.5%) which gave good array CGH results would have otherwise been missed. Vice
versa, 12 out of 59 (20.3%) samples yielding PCR products of 200 bp gave poor array CGH results.
Our results show that isothermal amplification is a better and more accurate method to predict
array CGH quality. Although the MAD values, reflecting the array CGH quality, between good
and intermediate DNA quality obtained by the isothermal amplification scoring system are not
different, poor quality CGH profiles were only obtained from intermediate and poor amplifying
DNAs and good amplifying DNA never showed poor array CGH profiles. Both intermediate and good
DNA quality scores obtained by the isothermal amplification method were suitable for array CGH
technology which makes it less important to distinguish these two groups. Only few of the DNA
samples (n = 4) were not in accordance to what was predicted using the isothermal amplification
scoring system, with poor DNA quality resulting in good array CGH results. This limitation could
not be experimentally explained, since repeating the quality testing gave the same results. DNA
quality testing using isothermal amplification yielded reliable prediction of array CGH quality in
all HNSCC, uvula and colon cancer tissue samples. Even in difficult FFPE samples, such as gastric
cancer tissues, DNA quality testing using isothermal amplification was a more precise predictor
compared to PCR-based quality testing. When excluding all poor quality DNA of GC samples,
16 (20%) samples yielding good and intermediate array CGH profiles would be missed, which is
superior to PCR-based testing in which 30% would be missed when excluding samples with PCR
products shorter than 300 bp, and 12 samples (20%) were unsuitable for analysis when using all
samples with PCR products > 200 bp.
Using the isothermal amplification method, factors influencing DNA quality can be quickly and
easily tested, without the use of expensive and elaborate array CGH procedures. The method was
successfully applied on micro dissected HNSCC samples (results not shown). Another advantage
of the isothermal amplification quality test is the resulting amplified DNA. The amplification
procedure is linear, resulting in reproducible array CGH profiles, even when using DNA obtained
from archival FFPE specimens. Besides little additional noise amplified and unamplified DNA
showed the same pattern of copy number aberrations. Thus even if very limited amount of DNA
is available, all material can be used for the quality procedure and the amplification product can
be used for downstream genomic analysis such as array CGH.
In our hands, the isothermal amplification is a reliable method for identifying genomic DNAs that
are suitable for array CGH, even for FFPE tissue samples, and for obtaining amplified material from
small samples. Availability of good predictors for successful array CGH can reduce experimental
costs and labor thus makes studies of genomic profiling on large series of archival samples sets or
large clinical trials more accessible.
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Supplementary figure Chapter 2: DNA quality assessment for array CGH by isothermal

whole genome amplification.
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Supplementary Figure 1. Array CGH results
before and after amplification using the isothermal
amplification. A: CRC oaCGH, B: GC1 BAC CGH, C:
GC1 oaCGH, D: GC2 BAC CGH E: GC2 aoCGH. For
BAC CGH profiles, log2 ratios are plotted according
to chromosomal position. For oaCGH profiles log2
ratios are plotted with a weighted moving average
using a window of 250 kb according to chromosomal
position (from chromosome 1 to Y).
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Abstract
Array comparative genomic hybridization (array CGH) is widely used for studying chromosomal
copy number aberrations (CNAs) on a genome-wide and high-resolution scale in heritable disorders
and cancers. The aim of this study was to test if the separate channels of dual channel arrays can be
interchanged (across array) to either make array CGH more sensitive and cost effective and/or to
generate profiles of CNAs and copy number variations (CNVs). Therefore the BT474 breast cancer
cell line was compared to a mix of normal reference DNAs hybridized on different arrays and days
and DNA copy number profiles were evaluated. Quality was assessed, using regular dual channel
array CGH as a standard, using four quality measures; i.e. the median absolute deviation value of
chromosome 2, the amplitude of the ERBB2 gene amplification, a deletion on chromosome 9 and
the deflection on chromosome 8. The quality of the across array CGH profiles matched or even
surpassed the quality of regular dual channel array CGH. In addition, this across array approach was
tested for genomic DNA derived from formalin-fixed paraffin-embedded tumors tissue samples,
resulting in high quality copy number profiles, comparable to regular dual channel arrays. Finally,
we demonstrated this approach in order to obtain both CNA and CNV profiles. In summary, across
array CGH avoids redundant hybridizations of the same reference material in every experiment
either allowing hybridization of two test samples on one array or producing both CNA and CNV
profiles simultaneously.
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Introduction
Array comparative genomic hybridization (array CGH) is a powerful technique to measure DNA
copy number changes and map them to the genome sequence with high resolution.1,2 This technique
was proven to be very useful in genetic diseases1,3,4 and is commonly used for studying gains and
losses in cancers, and applicable for formalin-fixed paraffin-embedded (FFPE) material.5-8
The four most important issues in array CGH are cost, resolution, reproducibility and sensitivity.9
Although nowadays, high resolution tiling arrays are produced containing over 30,000 overlapping
BAC clones,10 oligonucleotide arrays (oligo arrays) have a considerable advantage over BAC arrays.9
Oligo arrays are industrially produced and commercially available, making arrays more reproducible
and allow mere infinite resolution.11 Two different kinds of oligo array platforms exist, consisting of
either short or long oligonucleotides. Short 25mer oligonucleotide arrays, offered by Affymetrix
(Santa Clara, CA) or Ilumina (San Diego, CA), are hybridized with only test sample DNA. An external
reference pool is hybridized on separate arrays for comparative purposes in order to calculate
chromosomal copy numbers.12 An advantage of these platforms is the parallel detection of single
nucleotide polymorphisms (SNPs), thus providing information on loss of heterozygosity (LOH).
Combining LOH and chromosomal copy number information allows to determine presence of
uniparental disomies (UPDs).13 However, these oligonucleotide single channel platforms currently
are not well established and ineffective for testing DNA obtained from FFPE material at high
resolution.11 Alternatively, long 60-70mer oligonucleotides platforms, such as Agilent or spotted
oligonucleotides, are designed as dual channel platforms and allow the use of FFPE material.6,14,15
These high resolution oligo array platforms are highly sensitive, and yield highly reproducible array
CGH results.11
When using dual channel hybridizations, half of the data generated are from the reference channel
and do not carry any information about the test samples. In addition, by using different dyes for test
and reference samples, a dye effect can be introduced due to differences in dye incorporation.16 This
can be overcome by performing dye reverse experiments, but this further increases experimental
costs. Using an external reference pool, as used for copy number determination in multiplex ligation
dependent probe amplification (MLPA) and SNP arrays, makes hybridization of reference DNA in
every experiment redundant and can avoid dye-bias.
In this study we set out to perform array CGH on the long oligonucleotide platform produced
by Agilent, by using the reference channel of an external array. Since the second channel (i.e.
fluorochrome) within the same array is no longer used for hybridizing normal reference DNA,
this channel can be used for hybridizing a second test sample to the same array. We have called
this approach across array CGH (aaCGH), since the test signals are measured comparative to the
reference channel of an external array. AaCGH is a most cost-effective method for measuring
chromosomal copy number aberrations (CNAs) with high-resolution. It reduces labor and increases
reproducibility, making aaCGH particularly advantageous for studying large series of samples and for
routine clinical and diagnostic purposes. In addition, this approach can be useful in distinguishing
CNAs and copy number variations (CNVs).
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Material and methods
DNA isolation and labeling procedures

Genomic DNA from the cell line BT474, three colorectal cancer (CRC) tissue samples (FFPE), two
matched normal colon mucosa tissue samples (FFPE) and one gastric cancer (GC) tissue sample
(FFPE) was isolated as described previously.5,17 DNA isolated from blood obtained from eighteen
healthy males was mixed for the use as a normal reference (XY-mix). DNA quality of FFPE derived
DNA was assessed using isothermal whole genome amplification (Bioscore) according to the
manufacturers protocol (Enzo Life Sciences, Farmingdale, NY, USA). DNA quality was scored
according to the total yield of DNA as excellent (>10µg), good (3-10 µg), intermediate (1-3 µg) and
poor (<1 µg).6
Labeling was performed using the Enzo Genomic DNA Labeling kit according to the manufacturer’s
instructions (Enzo Life Sciences). Briefly, 500 ng genomic DNA was combined with a mixture of
primers and reaction buffer to a final volume of 39 µl. The DNA was denatured at 99ºC for 10 min,
and placed on ice. While on ice, 10 µl Cyanine 3-dUTP and Cyanine 5-dUTP nucleotide mixture
was added to the test and reference DNA, respectively, and finally 1 µl Klenow DNA polymerase
was added to each sample to extend the primers. After 4 h incubation at 37ºC, 5 µl stop buffer was
added to stop the reaction. Label was purified using the QIAquick PCR Purification Kit (Qiagen,
Westburg, Leusden, NL).

Hybridization of labeled DNA

Hybridizations were performed on slides containing four arrays, with each array containing 45,220
in-situ synthesized 60-mer oligonucleotides, representing 42,494 unique chromosomal locations
(4x44K array) (Agilent Technologies, Palo Alto, USA) or on a slide containing two 105K arrays, with
each array containing over 99,000 unique in-situ synthesized 60-mer oligonucleotides (Agilent
Technologies). Cy3 and Cy5 labeled DNA samples were combined in a total volume of 39 µl and
mixed with 6.5 µg Cot-1 DNA (Invitrogen, Breda, NL), 11 µl 10x blocking agent (Agilent Technologies)
and 55 µl 2x hybridization buffer (Agilent Technologies), for the 4x44K arrays. For the 2x105K arrays,
Cy3 and Cy5 labeled DNA samples were combined it a total volume of 79 µl and mixed with 6.5 µg
Cot-1 DNA (Invitrogen), 25.5 µl 10x blocking agent (Agilent Technologies), 130 µl 2x hybridization
buffer (Agilent Technologies) and 15.5 µl MilliQ water. The hybridization mixture was heated for
3 min at 95ºC and immediately incubated for 30 min at 37ºC. After centrifugation for 60 sec at
14,000 rpm, the hybridization mixture was applied to the slide and placed in an assembly chamber
for 24 h at 65ºC and 20 rpm (Agilent Technologies). After hybridization, slides were washed in the
following steps; 1 min with wash buffer 1 at room temperature (RT), 5 min with wash buffer 1 at
RT with rotation speed (~750 rpm), 1 min with wash buffer 2 at 37ºC with rotation speed (~750
rpm), and finally a 1 min wash step with acetronitrile at RT. An overview of all the hybridizations
performed on the 4x44K arrays and the 2x105K array is shown in Table 1.

Image and Data analyes

Images of the arrays were acquired using a microarray scanner G2505B (Agilent technologies) and
image analysis was performed using feature extraction software (version 9.1, Agilent Technologies).
The Agilent CGH-v4_91 protocol was applied using default settings. To make all experiments
comparable, no quality flagging was applied and signals of all oligonucleotides were included in the
downstream analysis. The oligonucleotides were mapped according to the human genome build
NCBI 35 for the 4x44K array format and to NCBI 36 for the 2x105K array format. Of both Cy3 and
Cy5 channels, local background was subtracted from the median intensities. The log2 tumor to
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normal ratio was calculated for each spot and normalized against the median of the ratios of all
autosomes. When two or more neighboring oligonucleotides showed copy number alteration, this
was considered to be a possible CNV. The locations of the CNVs were verified with the database
of genomic variants and mapped according the human genome build NCBI 36 (http://projects.
tcag.ca/variation/).
Table 1. Overview of the hybridizations performed in the study. The day of the hybridization, the Cy dye, the samples
and the array positions are listed. ns, not shown, samples from other studies; MN, matched normal mucosa.
Day

Channel

1

Cy3
Cy5
Cy3
Cy5
Cy3
Cy5
Cy3
Cy5
Cy3
Cy5
Cy3
Cy5
Cy3
Cy5
Cy3
Cy5
Channel

2
3
4
5
6
7
8
Day
9

Cy3
Cy5

Array position 4x44K Agilent arrays
A
B
C
D
BT474
ns
ns
ns
XY
ns
ns
ns
ns
ns
ns
ns
ns
ns
XY
ns
GC
XY
BT474
ns
XY
BT474
BT474
CRC1
ns
ns
ns
ns
ns
XY
ns
XY
CRC2
ns
ns
ns
MN2
ns
ns
ns
XY
ns
ns
ns
BT474
ns
ns
ns
ns
XY
BT474
BT474
ns
ns
XY
XY
ns
ns
ns
XY
ns
ns
ns
BT474
Array position 2x105K Agilent arrays
A
B
CRC3
XY
MN3
XY

Array CGH data of the 4x44K Agilent arrays can be accessed using the Gene Expression Omnibus
(GEO) http://www.ncbi.nlm.nih.gov/geo/, under Accession number GSE8628. Array data of the
2x105K Agilent arrays are available on http://www.cangem.org/.

Quality measures for BT474 profiles

Dual channel hybridizations of BT474 versus XY-mix were used to set the array CGH quality standard.
Four different quality measures were applied. First, the median absolute deviation was calculated for
all clones on chromosome 2 (MAD2). No CNAs were observed on this chromosome, therefore this
MAD2 value was used as a measure of technical noise. Second, the amplitude of the amplification
of the ERBB2 gene on chromosome 17 was used as a quality measure by calculating the median log2
value of the three oligonucleotides covering the ERBB2 gene. Third, a deletion on chromosome 9 was
used as a quality measure by calculating the median log2 ratio of 100 oligonucleotides (19587233
bp - 28509569 bp). A deflection on chromosome 8 was used as the fourth quality measure, by
calculating the median value of log2 ratios of 100 oligonucleotides (78058403 bp – 88464111
bp) on chromosome band 8q22 (6-copies) subtracted by the median value of log2 ratios of 100
oligonucleotides (30043003 bp – 38970221 bp) on chromosome band 8p11 (4 copies).11 For all four
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quality measures mean values and SD of the replicates were calculated.

Results
Reproducibility of dual channel array CGH

To test the quality of the array or across array comparison, we used the BT474 breast cancer
cell line showing losses, gains and amplifications, instead of a sample obtained from a patient
with a congenital disorder often displaying only a single aberration. Apart from the noise and
reproducibility we were interested in deflection. As a standard for all four quality measures of
the BT474 DNA copy number profile, three hybridizations were performed for the standard test
versus reference hybridization using Cy3 labeled BT474 versus Cy5 labeled XY-mix (Cy3/Cy5). The
mean MAD value of chromosome 2 (MAD2 value), a measure for technical noise, was 0.104, the
mean log2 ratio of the ERBB2 amplification was 3.477, the mean log2 ratio for the chromosome 9
deletion was -1.815 and the mean log2 ratio for the deflection on chromosome 8 was 0.819 (Table
2). Higher quality array CGH result would result in a lower MAD2 value and mean log2 ratio for the
chromosome 9 deletion, and higher mean log2 ratios for the ERBB2 amplification and chromosome
8 deflection.
To test for dye effects, hybridizations were performed in triplicate using Cy5 labeled BT474
versus Cy3 labeled XY-mix (Cy5/Cy3) (dye reverse experiment). The DNA copy number profiles
were hardly influenced by using dye reverse experiments and the four quality measures were
comparable (Table 2).
Table 2. Detailed overview of the hybridizations of BT474 versus XY-mix. Both Cy3/Cy5 and Cy5/Cy3 (reverse dye
experiments) were performed in triplicate. MAD values of chromosome 2 (MAD2), mean MAD2 values and standard
deviations (SD), the median log2 ratios of the triplicate of the ERBB2 gene amplification including mean values and
standard deviations of the replicates, the median log2 ratios of the deletion on chromosome 9 (chr 9) including the mean
and standard deviation of the replicates, and the median log2 ratios of the deflection on chromosome 8 (chr 8) including
mean and standard deviation of the replicates are listed for each individual experiment.
Experiment MAD2 Mean
BT474 vs XY
Cy3/Cy5
BT474 vs XY
dye reverse
Cy5/Cy3

0.090

0.104

SD
0.020

ERBB2 Mean
3.313

3.477

SD

chr 9

Mean

SD

chr 8

Mean

SD

0.142

-1.560

-1.815

0.221

0.804

0.819

0.013

0.841

0.035

0.127

3.575

-1.953

0.096

3.542

-1.932

0.108

0.100

0.011

3.666

3.554

0.108

-1.853

0.828
0.824
-1.773

0.117

0.866

0.104

3.543

-1.639

0.801

0.087

3.451

-1.827

0.857

AaCGH; alternative reference channel analysis

Agilent offers four 44K arrays on one slide, giving the possibility to exchange fluorescent signals
from hybridizations performed on different arrays within one slide. In addition we calculated log2
ratios between BT474 and the XY-mix arrays hybridized on different days.
Log2 ratios were calculated between BT474 and the XY-mix labeled with different dyes and
hybridized on different arrays within the same 4x44K slide (Table 3). The mean MAD2 value was
slightly worse (MAD2 = 0.117 instead of 0.104). Mean log2 ratios for the ERBB2 amplification, the
chromosome 9 deletion and the chromosome 8 deflection slightly improved (mean log2 values
of 3.544, -1.874 and 0.824, respectively, instead of 3.477, -1.815 and 0.819, respectively). When
calculating log2 ratios between BT474 and the XY-mix hybridized on different days with different
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Cy dyes (Cy3/Cy5), array CGH profiles showed more noise, reflected in a higher mean MAD2 value
(MAD2 = 0.197). Mean log2 ratios for the ERBB2 amplification, the chromosome 9 deletion and the
chromosome 8 deflection were 3.503, -1.784 and 0.839 respectively for the Cy3/Cy5 experiments.
For the dye-reverse experiments (Cy5/Cy3), results were comparable (Table 3).
Array CGH profiles calculated between BT474 versus the XY-mix both labeled with the same dye
were of the same quality or in fact even slightly better compared to the standard measures. The
mean MAD2 value of the array CGH profiles calculated between BT474 and the XY-mix labeled with
the same dye and hybridized on different arrays within one slide was 0.104. Mean log2 ratios of the
ERBB2 amplification, the chromosome 9 deletion and the chromosome 8 deflection were 3.610,
-1.861 and 0.861, respectively. When calculating log2 ratios between BT474 and the XY-mix labeled
with the same dye and hybridized on a different day, the mean MAD2 value and the mean log2
ratios of the ERBB2 amplification, the chromosome 9 deletion and the chromosome 8 deflection
were worse than the standard measures (Table 3). Calculating log2 ratios between BT474 and the
XY-mix hybridized on different days, yielded quality measures which deviated more from the set
quality standards compared to calculating log2 ratios between BT474 and the XY-mix hybridized
on a different array within the same slide. Noteworthy, labeling with the same dye yielded higher
quality array CGH profiles compared to labeling with two different dyes (Cy3/Cy5) or labeling in a
dye reverse experiment (Cy5/Cy3). A detailed overview of the different hybridization results, MAD2
values, log2 ratios of the ERBB2 amplification, the chromosome 9 deletion and the chromosome
8 gain including mean values and SD is represented in Table 3. Examples of a direct hybridization
of BT474 versus XY-mix and of an aaCGH profile of a BT474 versus XY-mix labeled with the same
dye are shown in Figure 1.

Comparative hybridization is not competitive

When hybridizing larger series of cancers of the same origin, samples often show high level
amplifications located on exactly the same chromosomal position, harboring known oncogenes
such as ERBB2, which is amplified in approximately 20% of ductal invasive mammary carcinomas.18
When hybridizing two test samples on one array, the amplitude of the amplification could be
compressed if the hybridization on that spot would be competitive. To test if the hybridization is
indeed competitive, we hybridized BT474 against BT474 (Table 1; day 3 array C). Log2 ratios were
calculated using fluorescent signals between each BT474 and fluorescent signals of the XY-mix
hybridized on the same day but on a different array. The amplitudes of the amplifications on
chromosome 17 and 20 were analyzed and compared to the amplitudes of the amplifications
on these two chromosomes in a standard hybridization. The amplification on chromosome 17
corresponds to the log2 ratio of the ERBB2 gene,18 already used in the quality standard described
before. The amplification on chromosome 20, corresponding to the CYP24A1 gene,19,20 was used as
an additional quality measure to test for competitive hybridization. In the standard hybridization
(Table 1 day 1, array A), the log2 ratio for the CYP24A1 gene amplification was 3.990. We calculated
log2 ratios between the Cy3 fluorescent signals of BT474 and Cy5 fluorescent signals of the XY-mix
of a different array (Table 1; day 3 array A) and between the Cy5 fluorescent signals of BT474 and
Cy3 fluorescent signals of the XY-mix of a different array (Table 1; day 3 array B). The log2 ratios
for the ERBB2 amplification were 3.424 and 3.681, respectively, and for the CYP24A1 amplification
3.595 and 4.016, respectively. The amplitudes of the amplifications were not compressed, therefore
competitive binding on the spotted oligonucleotides does not seem to play a role. Apart from the
amplifications, also all other quality measures remained very comparable.
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Figure 1. An example of an array CGH profile of a direct hybridization of BT474 versus XY-mix (A) and of an aaCGH
profile of BT474 versus XY-mix, both labeled with Cy3 fluorescent dye (Table 3; day 3, array C and B respectively) (B).
Log2 tumor to normal ratios of all chromosomes are plotted according to chromosomal position (1-Y). Vertical dashed
lines – transition between chromosomes. The four quality measures are indicated; MAD2 – MAD value of chromosome
2; ERBB2 – median log2 value of the triplicate of the ERBB2 gene; Chr 9 – deletion on chromosome 9; Chr 8 – deflection
on chromosome 8.
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0.790
0.740
0.803
0.789
0.758
0.764
0.951
0.894
0.898
0.899
0.872
0.855
0.871
0.889
0.773

-1.532
-1.521
-1.577
-1.595
-1.732
-1.715
-1.825
-1.834
-1.759
-1.803
-1.896
-1.894
-1.943

3.721
3.842
3.135
3.724
3.120
3.344
3.521
3.644
3.489
3.564
3.381
3.315
3.451

0.173
0.163
0.217
0.222
0.166
0.175
0.186
0.183
0.208
0.215
0.225
0.235
0.225

XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY

B
D
C
D
A
C
B
D
C
D
A
C
A

4
4
7
7
1
2
4
4
7
7
1
2
3

Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5

BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474

A

A

A

A

C

C

C

C

C

C

C

C

C

1

1

1

1

3

3

3

3

3

3

7

7

7

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

0.197

3.503

0.156

-1.552 -1.784
-1.591

XY

3

Cy5

BT474

A

1

Cy3

0.186

3.604

0.118
0.164

XY

C
A

2

Cy5

BT474

A

1

Cy3

3.540

-1.875

3.639

0.102

XY

A

3

Cy3

BT474

C

3

Cy5

0.028

0.877

-1.945

3.634

XY

C

7

Cy5

BT474

BT474 vs XY
same slide
different
array
dye reverse
BT474 vs XY
different day

0.828
0.805

-1.936

3.544

0.118
0.106

XY

D

7

Cy5

BT474

C

D

0.838

0.824

7

Mean

chr 8
0.839

7

SD
0.115

Mean

chr 9
-1.741 -1.874

Cy3

3.544

Cy3

SD
0.089

3.455

SD
0.011

0.128

XY

A

3

Cy5

BT474

C

3

Cy3

BT474 vs XY
same slide
different
array

0.117

Sample MAD2 Mean

AP

Day

ch 2

Sample

AP

Day

ch 1

Experiment

ERBB2 Mean

0.055

0.017

SD

and samples are listed, including the MAD values of chromosome 2 (MAD2), mean MAD2 values and standard deviations (SD), the median log2 ratios of the triplicate of the ERBB2
gene including mean values and standard deviations of the replicates, the median log2 ratios of the deletion on chromosome 9 (chr 9) including the mean and standard deviation
of the replicates, and the median log2 ratios of the deflection on chromosome 8 (chr 8) including mean and standard deviation of the replicates. The aaCGH profile with the lowest
MAD2 value of chromosome 2 is listed in bold (MAD2 0.083).

Table 3. Detailed Overview of All Experiments Performed in This Study on the 4x44K Arrays. Information on the day of hybridization (day), Cy dye (ch 1, ch 2), array position (AP)
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BT474 vs XY
same slide
different
array
same dye

BT474 vs XY
different day
dye reverse

Experiment

0.210
0.229

BT474
BT474
BT474

B
B
C
C
C
A
A
A
D
D
D

3
3
3
3
3
6
6
6
8
8
8
3
3

7

Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy3
Cy5
Cy5
Cy3
Cy3

XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY

B

D

A

B

D

B

B

D

B

B

A

B

A

A

B

B

7

8

6

7

8

7

3

8

3

6

6

3

3

3

7

7

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy3

Cy5

Cy5

Cy3

Cy3

0.786
0.855
0.864
0.875
0.829
0.841

-1.822
-1.839
-1.848
-1.849
-1.943
-1.922

3.553
3.489
3.286
3.581
3.613
3.722
3.617

0.194
0.157
0.083
0.103
0.089
0.117
0.129

BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474

C
B
C
D
C

3
7

0.876

0.823

-1.614
-1.877

3.686

0.177
0.210

BT474

0.078

0.803

-1.661

3.737
3.804

0.177
0.201

BT474

-1.744 -1.861

0.741
0.727

-1.603

3.744

BT474

0.075

0.870
-1.892

3.883

0.216
0.225

BT474

3.610

0.864
-1.884

3.487

0.196

3.515

0.939
-1.908

3.633

0.019

0.854

-1.811
-1.832

3.772

0.104

0.895

0.947

0.829

B

3

Cy5

XY

A

6

Cy3

0.110

-1.957

0.211
0.200

XY
BT474

D

4

Cy5

BT474

D

7

Cy3

-1.868 -1.801

3.667

0.198

XY

B

4

Cy5

BT474

D

7

Cy3
0.184

-1.951

3.563
3.695

0.202

XY

A

3

Cy5

BT474

D

7

Cy3

3.621

0.814
0.877

-1.941

3.438

0.207

XY

C

2

Cy5

BT474

D

7

Cy3

3.373

0.861
0.843

-1.883
-1.882

3.302

0.200

XY

A

1

Cy5

BT474

D

7

Cy3

0.021

0.816

3.565

0.219

XY

4

Cy5

BT474

0.199

0.854

-1.918
-1.942

3.448

0.223

XY

B
D

4

Cy5

BT474

chr 8

C

SD

C

Mean

7

chr 9

7

SD

Cy3

ERBB2 Mean

Cy3

SD

Sample MAD2 Mean

AP

Day

ch 2

Sample

AP

Day

ch 1

Table 3. Continued.

0.876

0.842

Mean

0.021

0.070

SD

Chapter 3

0.799
0.743
0.881
0.861
0.848
0.936
0.900
0.882
0.896
0.836
0.911
0.962
0.930
0.935
0.935
0.903
0.934
0.781
0.762
0.670
0.745
0.692

-1.583
-1.559
-1.812
-1.759
-1.744
-1.791
-1.818
-1.856
-1.848
-1.857
-1.796
-1.845
-1.866
-1.865
-1.878
-1.876
-1.838
-1.619
-1.586
-1.650
-1.638
-1.613

3.852
3.709
3.278
3.672
3.535
3.241
3.453
3.628
3.753
3.593
3.679
3.340
3.564
3.741
3.866
3.705
3.709
3.496
3.554
3.794
3.717
3.691

0.226
0.211
0.170
0.217
0.203
0.152
0.158
0.169
0.154
0.206
0.206
0.154
0.158
0.166
0.160
0.199
0.203
0.195
0.201
0.217
0.221
0.228

XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY
XY

B
D
A
B
D
A
C
B
D
C
D
A
C
B
D
C
D
A
C
A
B
D

7
8
6
7
8
1
2
4
4
7
7
1
2
4
4
7
7
1
2
3
4
4

Cy3
Cy3
Cy3
Cy3
Cy3
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5
Cy5

BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474
BT474

A

A

C

C

C

B

B

B

B

B

B

C

C

C

C

C

C

A

A

A

A

A

1

1

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

6

6

6

6

6

Cy3

Cy3

Cy3

Cy3

Cy5

Cy5

Cy5

Cy5

Cy5

Cy5

Cy5

Cy5

Cy5

Cy5

Cy5

Cy5

Cy5

Cy5

Cy5

Cy5

Cy5

0.839

0.773

Cy3

0.108

-1.604 -1.754
0.831

3.583
-1.636

0.173

3.724
3.450

0.029

XY

6

Cy3

BT474

A

1

0.192

0.154
0.194

XY

B
A

3

Cy3

BT474

A

1

Cy3

Mean

chr 8

Cy3

SD

Mean

chr 9

BT474 vs XY
different day
same dye

SD

ERBB2 Mean

SD

Sample MAD2 Mean

AP

Day

ch 2

Sample

AP

Day

ch 1

Experiment

Table 3. Continued.
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60

Experiment

0.806
0.833
0.867

-1.846
-1.873
-1.828

3.458
3.513
3.463

0.246
0.161
0.180

XY
XY
XY

D
C
D

4
7
7

Cy5
Cy5
Cy5

BT474
BT474
BT474

D

D

8

Cy5

-1.815

0.240

XY

B

4

Cy5

BT474

D

8

Cy5

D

0.793
0.840

-1.798

3.542
3.485

0.229

XY

A

3

Cy5

BT474

D

8

Cy5

8

0.853

XY

C

2

Cy5

BT474

D

8

Cy5

8

0.847

-1.760
-1.770

3.259
3.304

0.213
0.226

XY

A

1

Cy5

BT474

D

8

Cy5

Cy5

0.750

-1.614

0.174

XY

7

Cy5

BT474

Cy5

0.768

-1.639

3.765
3.721

0.159

XY

C
D

7

Cy5

BT474

chr 8

A

SD

A

Mean

6

chr 9

6

SD

Cy5

ERBB2 Mean

Cy5

SD

Sample MAD2 Mean

AP

Day

ch 2

Sample

AP

Day

ch 1

Table 3. Continued.
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High quality aaCGH on FFPE material

DNA derived from FFPE material is increasingly used for array CGH since this yields an important
source for studying large clinical sample sets, but may yield suboptimal results6,8,21. Therefore we
tested the aaCGH procedure for FFPE derived DNA, two from colorectal cancers (CRC) and one
from gastric cancer (GC). The GC sample was hybridized against the reference XY-mix (MAD2 value
0.215). The CRC1 sample was hybridized against a sample from an unrelated experiment (ns). Log2
ratios and MAD2 values were calculated using fluorescent signals of CRC1 labeled with Cy5 (day 3,
array D) and fluorescent signals of the reference XY labeled with either Cy3 (day 3, array B) or Cy5
(day3, array A) (Table 1). MAD2 values were 0.221 and 0.203, respectively. The aaCGH profile of
the GC sample yielded a MAD2 value of 0.216 when log2 ratios were calculated using fluorescent
signals of the reference XY-mix hybridized on a different array within the same slide (day 3, array
B), compared to 0.215 in a direct hybridization (Table 4). This implies that the aaCGH procedure
can be applied on FFPE derived DNA and that the technical noise level is slightly lower when using
the same Cy dye compared to using different Cy dyes. The CRC2 sample was hybridized against
matched normal colon mucosa (FFPE). The MAD2 value was 0.124, comparable to DNA obtained
from cell lines (Figure 2, Table 4).
Table 4. Overview of the experiments performed in this study using FFPE derived DNA. The year of the block, the DNA
quality and yield assessed using isothermal whole genome amplification, information on the day of the hybridization (day),
Cy dye (ch 1, ch 2), array position (AP) and samples are listed, including the MAD values of chromosome 2 (MAD2).
Sample

Year

DNA quality
(yield)

ch 1

Day

AP

Sample

ch 2

Day

AP

Sample

MAD2

CRC1

2003

good (5.64 µg)

Cy5

3

D

CRC1

Cy3

3

B

XY

0.221

Cy5

3

D

CRC1

Cy3

3

A

XY

0.203

GC

1997

good (3.11 µg)

Cy3

3

A

GC

Cy5

3

A

XY

0.215

Cy3

3

A

GC

Cy3

3

B

XY

0.216

CRC2

2002

good (5.45 µg)

Cy3

5

A

CRC2

Cy5

5

A

MN2

0.124

CRC3

1999

good (4.36 µg)

Cy3

9

A

CRC3

Cy5

9

A

MN3

0.100

Cy3

9

A

CRC3

Cy5

9

B

XY

0.190

Cy3

9

A

CRC3

Cy3

9

B

XY

0.187

Detection of copy number aberrations and copy number variations

An additional advantage of using the reference channel of a different array is the theoretical
possibility to simultaneously detect copy number aberrations (CNAs) and copy number variations
(CNVs), provided that matched normal tissue is available. CNAs can be observed by calculating log2
ratios between test (i.e. cancer) and matched normal reference DNA and CNVs can be observed
by calculating log2 ratios between a common reference pool and matched normal reference DNA.
To test this, we hybridized a CRC sample (CRC3) against a matched normal colon mucosa sample
to detect copy number aberrations. We compared this DNA copy number profile to the profiles
obtained by calculating log2 tumor to normal ratios using the fluorescent signals of a common
reference hybridized on a different array, and by calculating log2 ratios between matched normal
colon mucosa and the common reference (Figure 3). MAD2 values and DNA quality scores are
shown in Table 4. Besides the copy number profile of the CRC3, we detected several CNVs by
calculating log2 ratios between fluorescent ratios of the matched normal mucosa sample (MN3)
and the fluorescent ratios of the XY-mix. The CNVs are located on chromosomes 1, 2, 4, 8, 11, 14,
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15 and 16. An overview of the CNVs detected is given in Table 5.

Figure 2. Example of an array CGH profile of DNA obtained from a FFPE derived colorectal cancer sample (CRC2)

hybridized against DNA obtained from FFPE derived normal colon mucosa obtained from the same individual. Log2
tumor to normal ratios of all chromosomes are plotted according to chromosomal position (1-Y). Vertical dashed lines
– transition between chromosomes.

Table 5. An overview of the CNVs detected. The position of the oligonucleotides spotted on the array was compared
to the position of the CNVs located in the database of Genomic Variants (http://projects.tcag.ca/variation/).
Chromosome
1p21.1

103965226-104098764

Number
of oligo’s
2

2p11.2

89731560-89871268

5

2p11.1-p11.2

90999011-91034025

2

3375

90958831-91619119

4q13.2

70216706-70237777

2

22939

70162456-70260011

8p23.1

Variation
number
31636

Position database
Genomic Variants
103941067-104102680

9954

89675384-89877778

7729310-7747771

2

7702

7040625-7790962

8p11.22-p11.23

39356594-39499751

7

1779

39351896-39506336

31439

39351530-39505284

11q14.3

89413820-89457497

2

31839

89427786-89482222

14q32.33

105609465-105623069

2

1956

105585123-106064990

10460

105123078-106237639

15q13.3
16p12.3
16p11.2
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30423191-30648858
18577166-18687415
32558525-32748348

2
3
2

30700

30233800-30467363

32018

30234084-30686799

3112

17441601-18990536

7091

18577196-18687445

0324

32082890-33533065

8273

32411529-35003380

Across array comparative genomic hybridization

Figure 3. Array CGH profile of a colorectal cancer sample (FFPE) hybridized against a matched normal colon mucosa

sample on a 2x105K array (A) and an aaCGH profile of a the normal colon mucosa sample against a XY-mix (B). Log2 tumor
to normal ratios of all chromosomes are plotted according to chromosomal position (1-Y). CNVs are observed in the
aaCGH profile of the normal colon mucosa sample versus the XY-mix but not in the array CGH profile of the colorectal
cancer sample hybridized against the matched normal colon mucosa sample. An example of a CNV detected in this
analysis is located on chromosome 2 (variation 9954).
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Discussion
For dual channel array CGH analysis, generally two dyes are used, one to label tumor DNA and one
to label reference DNA. As a consequence, the same reference DNA is labeled and hybridized in
every experiment contributing to extra costs without the yield of extra information. In the present
study we have shown that the reference channel of another array can be employed, increasing
quality, reducing labor and avoiding the extra cost of hybridizing the same reference sample in
each experiment. AaCGH allows more samples to be hybridized at the same cost, such that larger
sample sizes can be studied contributing to more statistical power. Another application of this
approach is the detection of CNVs and CNAs, by comparing the DNA of both cancer and matched
normal sample to a common reference DNA sample.
To test if both channels can be used separately to obtain good quality array CGH profiles,
hybridizations of BT474 and the XY-mix were performed in different channels on different arrays
and days. Excitingly, when using the same fluorescent dye from two different arrays on one slide
for aaCGH analysis, slightly higher quality results with lower mean MAD2 values could be obtained.
Exchanging fluorescent signals between different days introduced comparably more technical noise.
Thus using the same fluorescent dye for aaCGH analysis, technical noise supposedly introduced by
dye bias16,22 was circumvented, explaining the higher quality in same dye aaCGH profiles. Similar
approach has already been described previously by Menten et al. where DNA from patients with
mental retardation or patients showing multiple congenital anomalies was studied by array CGH.23
In their study, the number of experiments was reduced by performing “triangle” hybridizations.
The DNA of each patient was labeled twice, with two different labels, and hybridized against two
other DNA samples, thereby circumventing dye bias. However, this approach is less suitable when
analyzing cancers showing multiple gross chromosomal aberrations.
The reproducibility of array CGH profiles could possibly be increased by mathematically pooling
of multiple hybridizations of the XY-mix for the use as reference channel. We observed that using
a mathematically pooled reference did not necessarily improve the quality and that the highest
sensitivity can be obtained by using the best hybridization of the XY-mix for the use as reference
channel.
In array CGH test and reference DNA are co-hybridized and it was suggested that they would
compete for binding to the same array element.20 When co-hybridizing two test samples containing
an amplification on exactly the same position of the genome, such competitive binding could
influence the amplitudes of the amplifications. However, self-self hybridization of BT474 performed
in the present study to test the competitive binding did not influence the amplitude of the
amplifications of ERBB2 and CYP24A1 in the BT474 cell line. The technique is still comparative, but
does not seem competitive. Therefore, aaCGH can also be successfully applied on samples showing
high level amplifications on the same position of the genome.
The principle of aaCGH was not only tested on good quality DNA obtained from cell lines, but
also for DNA of reduced quality isolated from FFPE samples. Results show copy number profiles
of equal quality, showing that this approach is also suitable for DNA obtained from archival FFPE
material. Moreover the aaCGH approach can be applied to distinguish CNVs. Studying CNVs
may yield new information on disease susceptibility, risk assessment and response to therapeutic
strategies.24
In this study we showed the aaCGH approach on the BT474 breast cancer cell line and on
gastric and colorectal cancers, using the Agilent 4x44K and 2x105K platforms. In general, the
principle of exchanging hybridization signals works on every dual channel array CGH platform.
We successfully tested this principle on the in-house VUmc 30K platform14 using the results of
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a neighboring printed array to recover test sample results with failed reference channels (data
not shown). In addition, the aaCGH is applicable to human genetics samples such as congenital
disorders, displaying single aberrations. This was successfully tested with 244K Agilent arrays
using patient material with a 1Mb deletion at chromosome 16p versus a common reference on
a separate slide (data not shown). We are currently using aaCGH analysis routinely in our lab by
hybridizing six test samples and two reference samples on one slide containing four arrays with
44K identical arrayed elements. For aaCGH analysis, we recommend using a reference hybridized
on the same slide, or at least hybridized on the same day. We would, at the current status, not
recommend using a reference sample which is hybridized on a different day for aaCGH analysis,
since more variation in array CGH quality is observed. If DNA of a cancer sample and matched
normal DNA is available, we favor hybridizing the cancer against its matched normal DNA. Both
channels can be used separately to compare to a common reference channel to obtain CNA and
CNV profiles. The possibility to distinguish CNVs from CNAs becomes especially important with
the high resolution platforms available nowadays.
In summary, by co-hybridizing two test samples without repeating the hybridization of the same
reference material in every experiment, experimental costs and labor can be reduced. Since the
technique is still two channel based, experiments are comparative, but by calculating log2 ratios
between test and reference DNA labeled with the same fluorescent dye, the disadvantages of dye
bias can be effectively circumvented resulting in a slight noise reduction. Alternatively, the technique
opens new possibilities in obtaining CNA and CNV profiles from one hybridization.
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Abstract
Background: Gastric cancers frequently show chromosomal alterations which can cause activation
of oncogenes, and/or inactivation of tumor suppressor genes. In gastric cancer several chromosomal
regions are described to be frequently lost, but for most of the regions, no tumor suppressor genes
have been identified yet. The present study aimed to identify tumor suppressor genes inactivated
by nonsense mutation and deletion in gastric cancer by means of GINI (gene identification by
nonsense mediated decay inhibition) and whole genome copy number analysis.
Material and Methods: Two non-commercial gastric cancer cell lines, GP202 and IPA220, were
transfected with siRNA directed against UPF1, to specifically inhibit the nonsense mediated decay
(NMD) pathway, and with siRNA directed against non-specific siRNA duplexes (CVII) as a control.
Microarray expression experiments were performed in triplicate on 4x44 K Agilent arrays by
hybridizing RNA from UPF1-transfected cells against non-specific CVII-transfected cells. In addition,
array CGH of the two cell lines was performed on 4x44K agilent arrays to obtain the DNA copy
number profiles. Mutation analysis of GINI candidates was performed by sequencing.
Results: UPF1 expression was reduced for >70% and >80% in the GP202 and IPA220 gastric cancer
cell lines, respectively. Integration of array CGH and microarray expression data provided a list of
134 and 50 candidate genes inactivated by nonsense mutation and deletion for GP202 and IPA220,
respectively. We selected 12 candidate genes for mutation analysis. Of these, sequence analysis was
performed on 11 genes. One gene, PLA2G4A, showed a silent mutation, and in two genes, CTSA
and PTPRJ, missense mutations were detected. No nonsense mutations were detected in any of
the 11 genes tested.
Conclusions: Although UPF1 was substantially repressed, thus resulting in the inhibition of the
NMD system, we did not find genes inactivated by nonsense mutations. Our results show that
the GINI strategy leads to a high number of false positives.
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Introduction
As many other solid tumors, gastric cancer develops through an accumulation of genetic and
epigenetic alterations. Although the knowledge of genetic and epigenetic events occurring in
gastric cancer is increasing, it is still far from being complete.
Two major types of genetic instability are described in gastric cancer, chromosomal instability and
microsatellite instability.1 Chromosomal instable tumors show gross chromosomal abnormalities
leading to loss and or gain of large genomic areas, while microsatellite instable tumors show an
increased mutation rate at the nucleotide level and in general do not show gross chromosomal
abnormalities. The majority of gastric cancers have a chromosomal instable phenotype and many
studies have been published describing frequent occurrence of chromosomal aberrations in gastric
cancers.2-11 Chromosomal alterations can cause activation of oncogenes, by increasing the copy
number, and/or inactivation of tumor suppressor genes, by loss of alleles. In case of tumor suppressor
genes, usually both alleles must be inactivated in order to abrogate the function of a gene, which
can be achieved by any combination of loss, mutation, or promoter hypermethylation. In gastric
cancer several chromosomal regions have been described to be frequently lost,6,11,12 but in most of
these regions, no tumor suppressor genes have been identified yet.
In eukaryote cells, mRNAs molecules that contain premature termination codons (PTCs) due to
nonsense mutations are detected and rapidly degraded by the nonsense-mediated decay (NMD)
mechanism. NMD is mediated through the assembly of protein complex coded by genes such as the
ones belonging to the UPF family e.g. RENT-1/UPF1, RENT-2/UPF2, UPF-3A, and UPF-3B.13 RENT-1/UPF1
has been shown to play a crucial role in the function of the NMD system. Taking advantage of the
existence of this regulatory system in the cells, Noensi and Dietz described a strategy, called GINI
(Gene Identification by Nonsense-mediated decay Inhibition), to identify tumor suppressor genes
harboring premature stopcodons.14 Microarrays are used to identify potential nonsense transcripts
that are increased in abundance after inhibition of the NMD system, by comparing the sample to
itself after inhibition of NMD. The NMD pathway can be pharmacologically blocked by treating the
cells with a translation inhibitor, such as emetine, resulting in stabilization of mutated transcripts
containing a premature stopcodon. However, this drug also induces a stress response resulting
in increased mRNA levels of many transcripts. To more specifically inhibit the NMD pathway, a
different strategy has been described in which a siRNA directed against UPF1 is used.15,16
The combination of NMD microarray data on putative nonsense mutations with array CGH
data on deleted genomic areas enables the detection of biallelic inactivation events of tumor
suppressor genes, as shown previously in prostate cancer.17 Therefore, the present study aims to
identify tumor suppressor genes inactivated by nonsense mutation and deletion in gastric cancer
by means of GINI and whole genome DNA copy number analysis.

Material and Methods
Cell lines and cell culture

Two non-commercial gastric cancer cell lines, GP202 and GP220, established and characterized in
IPATIMUP, Porto18 were used for siRNA transfection. These particular cell lines were derived from
two different patients and were not immortalized by viral infection. The cell lines were maintained
in RPMI supplemented with 10% fetal calf serum, 100 U/mL penicillin, 100 µg/mL streptomycin
and 2 mmol/L L-glutamine (Life Technologies, Breda, NL).
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DNA isolation and Array CGH

Genomic DNA was isolated using TRIzol reagent (Invitrogen, Breda, NL) according to the
manufacturer’s protocol with some modifications (http://www.english.vumc/afdelingen/
microarrays/). DNA concentrations were measured on a Nanodrop ND-1000 spectrophotometer
(Isogen, IJsselstein, NL). 500ng of DNA was labeled using the Enzo Genomic DNA Labeling kit as
described previously (Enzo Life Sciences, Farmingdale, USA).19 Hybridizations were performed
on slides containing four arrays, with each array containing 45,220 in-situ synthesized 60-mer
oligonucleotides, representing 42,494 unique chromosomal locations (Agilent Technologies, Palo
Alto, USA).19
Images of the arrays were acquired using a microarray scanner G2505B (Agilent technologies) and
image analysis was performed using feature extraction software version 9.5 (Agilent Technologies,).
The Agilent CGH-v4_95 protocol was applied using default settings. Oligonucleotides were mapped
according to the human genome build NCBI 35 (May 2004). For both Cy3 and Cy5 channels, local
background was subtracted from the median intensities. The log2 tumor to normal ratio was
calculated for each spot and normalized against the median of the ratios of all autosomes.

UPF1 siRNA transfection

Transfection of both cell lines was performed in 35mm dishes with 100nM of siRNA duplexes
directed against UPF1 (Dharmacon, Chicago, USA) or non-specific siRNA duplexes (CVII)
(Dharmacon) using the lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s
instructions. Cells were collected for total RNA extraction 72h after transfection. Each transfection
experiment was performed in duplicate on three different days.

RNA isolation procedures and quantitative real-time PCR

Total RNA was extracted from each cell line using the RNeasy kit (Qiagen, Westburg, Leusden, NL)
including a DNase digestion step, according to the manufacturer’s instructions. Concentrations were
measured on a Nanodrop ND-1000 spectrophotometer (Isogen). Synthesis of cDNA was performed
with random primers using the high capacity cDNA Archive Kit kit (Applied Biosystems, Foster
City, USA). SDS 2.1 Applied Biosystems analysis software was used to determine the Ct number at
which increase in signal is associated with exponential amplification of the PCR products, needed
to quantify the expression values. Quantification of the 18S ubiquitous RNA was used as the
endogeneous reference. The delta Ct was determined in each case by subtracting the average Ct
value of the target gene from the average Ct value of the 18S gene. The percentage of inhibition of
the UPF1 gene was calculated by subtracting the mean delta ct of the UPF1 siRNA transfected cells
by the mean delta ct of the CVII siRNA control transfected cells, as previously described.15

Microarray expression analysis

Microarray expression experiments were performed on 4x44 K Agilent arrays (Agilent technologies)
by hybridizing UPF1 siRNA transfected cells against non-specific CVII siRNA control transfected
cells, according to the manufacturer’s instructions. RNA quality was evaluated by generating an
electropherogram on the Agilent Bioanalyzer 2100 using a RNA 6000 Nano-LabChip (Agilent
Technologies). RNA integrity numbers (RIN) of >9.0 were considered as good quality RNA.
Experiments were performed in dye-swap and in triplicate, resulting in six arrays per cell line. Images
of the arrays were acquired using a microarray scanner G2505B (Agilent technologies) and image
analysis was performed using feature extraction software version 9.5 (Agilent Technologies). The
Agilent GE2-v5_95 protocol was applied using default settings.
All data pre-processing and analysis was performed using the R-Bioconductor package Limma.20
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First, a robust Edwards background correction was applied, followed by within-array and betweenarray normalization using loess and scale standardization, respectively. Differential expression
between UPF1 siRNA transfected cells and non-specific CVII siRNA control transfected cells was
assessed by use of a linear model, which accounts for a blocking factor, the day effect (triplicate).
Moreover, the two-sample t-statistic modified for correlation between the two duplicates was
used. Finally, p-values were adjusted for multiple testing using convential Benjamini-Hochberg
FDR correction.

Mutation analysis

From each RNA sample, 1µg was reverse transcribed to cDNA using oligo(dT)20 Primer (Invitrogen)
with AMV reverse transcriptase (Promega, Leiden, NL). Mutation screening involved the entire
coding region using primers overlapping the exon-exon boundaries. Each reaction was carried out
in a total volume of 25 µl containing 1 µl of cDNA, 1,5 µl MgCl2 (25 mM), 2.5 µl dNTPs (2mM), 1.25
Units of Amplitaq Gold polymerase (Applied Biosystems), 2.5 µl GeneAmp®10x PCR buffer II and
12.5 pmol for each forward and reverse primer. When DMSO was added to the reaction, 2.5 Units
of Amplitaq Gold polymerase was used. Amplification conditions were an initial denaturation step
of 5 minutes at 94ºC followed by 40 cycles of 30 seconds at 94ºC, 30 seconds at 55-57ºC (depending
on the primer pair), 30 seconds at 72ºC, and ending with 7 minutes at 72ºC. PCR products were
evaluated in a 2% agarose gel. PCR products were purified using Shrimp Alkaline Posphatase and
Exonuclease (SAP and EXO enzymes) (USB corporation, Clevelend, USA) to remove the phosphate
groups from the excess dNTPs left over from the PCR reaction and to digest single stranded PCR
primers into dNTPs by incubating for 30 minutes at 37ºC, followed by a 15 minute incubation at
80ºC to inactivate the enzymes. Sequence reactions were performed in a total volume of 10 µl
containing 3.5 µl purified PCR product, 2 µl sequencing buffer (5X), 0.5 µl BigDye Terminater v3.1
mix (Applied Biosystems) and 10 pmol of each forward and reverse primer. Amplification was
performed in 25 cycles of 30 seconds at 96ºC, 15 seconds at 45ºC and 4 minutes at 60ºC. Samples
were precipitated by 0.1 volume NaAc (3M; pH 5.3) and 2.5 volume ethanol. Sequencing of the
PCR products was performed in 10 µl deionised formamide (Applied Biosystems) on an ABI 3130
capillary sequencer (Applied Biosystems). Sequence analysis was carried out using the sequence
Analysis 5.2 software (Applied Biosystems) and the Vector NTI software (Invitrogen). Details of the
primer sequences, annealing temperatures and extra PCR conditions are given in Table 1.

Results
Array CGH profiles

Array CGH profiles of the cell lines GP202 and IPA220 were obtained to detect the deleted areas
potentially harboring tumour suppressor genes. Array CGH profiles of the GP202 and IPA220
gastric cancer cell lines are shown in figure 1A and 1B, respectively.

UPF1 inhibition and expression array analysis

Using the siRNA strategy, UPF1 expression was repressed by >70% for the GP202 gastric cancer
cell line (73% 74% and 71% for the biological replicates), and >80% for the IPA220 gastric cancer
cell line (82%, 86% and 84% for the biological replicates).
Micoarray expression array analysis yielded 540 spotted oligonucleotides significantly upregulated
(adjusted p-values <0.05) with a log2 ratio >0.7 in the GP202 cells transfected with UPF1 siRNA
compared to non-specific CVII siRNA control transfected cells. Of these, 164 oligonucleotides,
representing 134 different genes, were located in deleted areas. The IPA220 UPF1 siRNA transfected
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cells showed 265 spotted oligonucleotides significantly upregulated (adjusted p-values <0.05)
with a log2 ratio >0.7 compared to non-specific CVII siRNA control transfected cells. Of these, 50
different genes were located in deleted areas. Of these genes, we selected genes with only one known
transcript according to ensemble (http://www.ensembl.org/Homo_sapiens/index.html) and genes
of which no alternative splice patterns were known. This yielded a list of 10 candidate genes to be
inactivated by nonsense mutation and deletion. The genes PLA2G4A, BMP5, MMP6, KNNMB4 and
DYM were candidates for the GP202 gastric cancer cell line and the genes TXNL4B, FOXK1, PTPRJ,
and SNN were candidates for the IPA220 gastric cancer cell line. The gene SLITRK6 was selected as a
candidate gene for both gastric cancer cell lines, however only in the GP202 gastric cancer cell line
this gene was located in a deleted area. In addition we selected two genes potentially inactivated
by nonsense mutation which were located outside deleted areas, but showed high log2 ratios and
no known splice variants (CSTA for the GP202 and INHBB for the IPA220 gastric cancer cell lines).
Candidate genes, including their chromosomal location are presented in Table 2.
Table 1. Primer sequences and conditions of the candidate genes. Genes sequences for mutations are shown in bold.
Temp - annealing temperature.
Gene
BMP5

DYM

MPP6
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Sequence

Size

Temp

Remark

-96F

GCTACTGGGAAACTGTACCTC

422bp

55°C

5% DMSO

+326R

GTCTCTTCTGCCAAGGATGC

+220F

CGTCCTCTGCACCTCTCTTT

398bp

55°C

5% DMSO

+618R

TGTTGCTCCGGTCCTTGTAT
416bp

55°C

5% DMSO

433bp

55°C

5% DMSO

338bp

55°C

5% DMSO

434bp

57°C

5% DMSO

419bp

55°C

5% DMSO

421bp

55°C

5% DMSO

468bp

57°C

5% DMSO

433bp

57°C

5% DMSO

536bp

57°C

5% DMSO

412bp

55°C

312bp

55°C

430bp

55°C

433bp

55°C

439bp

55°C

+513F

CACCAGCGAAGGCATTACAA

+929R

ACCTCACTCGCCTTGAAGAA

+807F

CAGCTCTGTGCAGAAACAGG

+1240R

CGTGGTCAGGAAACATCAGA

+1119F

CCAGAAGGATACGCTGCATT

+1455R

GGAAATTCCCCGTTTGTCTG

-142F

GACAGCGACTTCTCCTGACC

+292R

TGTGGTTCTGACATTCTGCTG

+204F

CCTCGAACAGGAAATCTTGG

+623R

AGACATGGACCTCGCATCAA

+546F

CTTTCCTGCCAACTCTTCCA

+967R

ATGAGGGGAAAGGACTGCTA

+844F

ACCAGAGTCTCCTGCTTCTG

+1312R

GACTCCCCAAGGAGATTTCA

+1212F

ACGGAAGATGATGGCTTCAAC

+1645R

GGTGAAGGGAATTTGTCAGG

+1528F

CGCTGAGTTCTAATGATGTTCC

+2064R

AGAACTTGAAGGGCTGCTTG

-117F

TGGAGAAGAAAGGGATTTGG

+295R

CAATATCATGGGCCTCCAAC

+227F

TGTGGCAGAATTGGTTGGTA

+548R

ACCTCATGGCCATTGACTTC

+413F

GGAACCACTGGGTGTGACAT

+843R

CTCTTCCAGGAACTGGCTTG

+702

CCTTGCAAAGAAGCAGGATT

+1135

CCCTTGGTTTCCGTGAAGTA

+1045

TAGGCCGAAGAAGCTTGAAA

+1484

CGTGCACTTTCATCCACTGT
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Table 1. Continued.
Gene
+1338
PLA2G4A

SLITRK6

CSTA
KCNMB4

PTPRJ

Sequence

Size

Temp

TCAGAGTTTATGCCCTATGTGG

409bp

55°C

303bp

55°C

480bp

55°C

428bp

55°C

490bp

55°C

421bp

55°C

455bp

55°C

555bp

55°C

403bp

55°C

475bp

55°C

408bp

55°C

425bp

55°C

500bp

55°C

436bp

55°C

451bp

55°C

447bp

55°C

453bp

55°C

491bp

57°C

410bp

57°C

474bp

57°C

442bp

55°C

418bp

55°C

452bp

55°C

476bp

55°C

+1747

CACCATAAAAATGCCTGGAC

-133F

CTCCGGAGCTGAAAAAGGAT

+170R

CTGCTGTCAGGGGTTGTAGA

+71F

TTACGTGCCACCAAAGTGAC

+551R

TGCAGAATGCAATCCTTCAC

+441F

TGGCTCTGTGTGATCAGGAG

+870R

GGTGACAGGTTGTCCAGAGC

+773F

TGTTAGCCACAATCCCCTTT

+1244R

GAGCCTCTGCTTTGTGAACC

+1121F

GGGAACAGTCGTTAAGAAGTA

+1542R

GTCCTGTGTGGCAAAGTCAC

+1407F

ATGGCCTTGGTGAGTGATTC

+1862R

TAGCACTCCTTCAGCCCTTC

+1752F

CCTCCGTTCAAGGAACTTCT

+2307R

TCATGGGATTGCAAACTGCC

-134F

GTACGCAGTGGTTGGTGTTT

+269R

GCATTGGTAAGCCCAGAAAA

+186F

CCATCACGACCTTTCCAACT

+661R

CCCATTTGTTGTCCTCCAAC

+525F

CCTCCAAACATCTTCCGATT

+934R

TGGTGCTTTGGTGGGTAGTT

+849F

CATCTGGCAGCAACATCTTC

+1274R

TTGGTCAGGTGGTTACCATTT

+1098F

AAGCTCATTCTAGCGGGAAA

+1598R

TGTATCCATTGCTGCAGTCC

+1528F

CCCAGATTGACCTTGAGGAT

+1964R

TGCACAGGACTGTTGTCTCT

+1866F

TTCTGTGCTGCAGGGATAGT

+2317R

CTGTGATTCCCAGTTGCTGA

+2243F

CTTCCAAGATGCCAGCTCAT

+2690R

CCCAGTGATCCCTGAGTTTC

-95F

GAGCTAGTGAACGCCTCTTT

+258R

TCAGCAAGGATCATGACTCAG

-379F

ACAGAGAGACACCCGACGAG

+112R

GCAGAAGCCGAAGATGAAGA

+34F

CTTCATCTTCGGCTTCTGCT

+444R

GCAAGTAAATGGCTGGGAAC

+336F

TGCTCCTATATCCCTCCCTGT

+792R

TCCAGTTGTGCCTGTTTCTG

-129F

AGGAGGAGGCGAAGGAGA

+334R

TTTGAGATGCCCCATCAGTC

+259F

GTGAAAGCTCTGGAGCCAAC

+676R

AGAGAGCAGCCTTCCTCACA

+553F

CCATCACTCCAGGAATAGGC

+1007R

TCTAACCCGACAAGCAGGAC

+917F

CCCTGTGCATGATGAGTCC

+1393R

CCACTGTCACTCGGAAGTCA

Remark

5% DMSO
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Table 1. Continued.
Gene
+1273F

SNN
INHBB

TXNL4B

FOXK1

76

Sequence

Size

Temp

GCTCCAGCACCTTCTACAACA

412bp

55°C

436bp

55°C

417bp

55°C

455bp

55°C

399bp

55°C

477bp

55°C

407bp

55°C

476bp

55°C

448bp

57°C

5% DMSO

500bp

55°C, 57°C

no fragment

465bp

55°C, 57°C

no fragment

425bp

57°C

7.5% DMSO

413bp

55°C

465bp

57°C

447bp

57 °C

437bp

55°C

+1685R

CTCTTCCAGTCCAGCCACAT

+1586F

GGCATCTCGGACAGTTTGCAA

+2022R

GACTACTTGTGTTGCGTTGC

+1987F

CAACACCACAGCAGCAACTT

+2324R

TCAGTGCCATTCTCAGAGGA

+2237F

CAATGCAGGCTTTGAGCTG

+2691R

GCTCTGAGAACGTCCCTTTT

+2587F

CTGCAGATGTCCTGAAATACA

+2987R

AGAAGATGAAGCCTCCCACA

+2874F

CGCTACTCAGATGCTGTTTC

+3351R

CGGTAAAGGTCCTTGTGTGG

+3259F

AGACCCATTCAACGGATGAC

+3666R

AACGAGGTACCGGAAGTTGA

+3576F

CACCCTCTGAGACAGTTCCA

+4052R

ACGGTCTGGTTCACTCCAGA

-78F

GTGTCCAGCCTGAGTTCCAG

+370R

AGTGTCAGCCCTTCCTCTCA

-327F

TGGGGAGAAGGCTGCAGAT

+173R

CACGACGTACAGGTGTCCT

+36F

TGCCTTCTGCTGCTGGCG

+501R

GCCTTCGTTGGAGATGAAGA

+415F

GCGTTTCCGAAATCATCAGC

+840R

AGCCTGCACCACCACAAAG

+732F

CGACTCAACCTAGACGTGCA

+1145R

ATGGACATGGTGCTCAGCTT

+963F

ATAGCACCCACCGGCTACTA

+1428R

CAGTTGAGGGTTCTCGCTCT

-132F

GCTGATGAAAGGAGCTGTCC

+315R

GCTTCCCACAAACTTAGTGTG

+178F

TGGTGGATGTGGACCAAACT

+615R

AACCAGTGGGGTCTTTTCCT

-5F

CGAACATGGCCGAAGTCGG

+435R

CGAGATGAAGCTGGACAGG

+336F

GAGTTCGAGTTCCTCATGCG

+811R

TCTGCACAAAGCGGTAACTG

+740F

CATCAGTGTCCCCAACTCCT

+1157R

TCAGAGGCAGGGTCTATTCG

+1055F

TATCCGGCACAACCTCTCTT

+1523R

GGCTGCTGTGAGGTTACGAT

+1339F

TTCCACACGACCCTGAGTTT

+1763R

CACCGTCTGGATGACTCCAC

+1699F

TGGAGGAGAAACCCACCAT

+2149R

GTGTGGTTACAGCCCCACT

+1888F

TTCCCACGAACAGTTTAGCC

+2385R

TGTCTTAAACCACGGGAAGG

440bp
475bp
417bp
468bp
424bp
450bp
497bp

Remark

5% DMSO

5% DMSO
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Figure 1. DNA copy number profile obtained by array CGH analysis of the GP202 gastric cancer cell line (A) and the
IPA220 gastric cancer cell line (B). Normalised log2 tumor to normal ratios of every spot are presented sorted by position
in chromosomal order (1-Y). Dashed-vertical lines - transition between the chromosomes.
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Table 2. List of 12 candidate genes putatively inactivated by nonsense mutation, including their chromosomal location,
the cell line where it was identified and a short description of the gene.
Gene

Location

Cell line

Description

PLA2G4A
INHBB
CSTA
BMP5
MMP6
FOXK1
PTPRJ
KCNMB4

1q31.1
2q14,2
3q21.1
6p12.1
7p15.3
7p22.1
11p11.2
12q15

GP202
IPA220
GP202
GP202
GP202
IPA220
IPA220
GP202

SLITRK6
SNN
TXNL4B
DYM

13q31.1
16p13
16q22.2
18q21.1

GP202, IPA220
IPA220
IPA220
GP202

Phospholipase A2, group IVA
Inhibin, beta B
Cystatin A
Bone morphogenetic protein 5
Membrane protein, palmitoylated 6 (MAGUK p55 subfamily member 6)
Forkhead box K1
Protein tyrosine phosphatase, receptor type J
Potassium channel, calcium-activated, large conductance, subfamily M,
beta member 4
SLIT and NTRK-like family, member 6
Stannin
Thioredoxin-like 4B
Dymecelin

Mutation analysis

Of the 12 candidate genes, we succesfully completed sequence analysis of 11 genes. After complete
sequencing, KCNMB4, BMP5, DYM, TXNL4B, and SNN did not show any mutation. SLITRK6 did not
show a mutation in the UPF1 siRNA-transfected IPA220 and GP202 gastric cancer cells. However,
in the UPF1 siRNA-transfected GP202 gastric cancer cells, the first 196 bp of the coding sequence
was missing due to PCR failures. For the gene INHBB the first 413 bp of the coding sequence was
missing due to PCR failures but no mutation was detected in the remaining coding sequence.
In CSTA a heterozygous mutation was detected in both GP202 and IPA220 gastric cancer
cells transfected with UPF1 siRNA, at position 298 (mRNA seq. NM005213.3) resulting in a G
to C substitution, which in turn resulted in an amino acid change from GTA (Valine) to a ATA
(Isoleucine) at position 57 of the CSTA protein. In PLA2G4A, a mutation was detected in the
UPF1 siRNA-transfected GP202 gastric cancer cells, at position 1012 (mRNA seq NM_024420.1)
resulting in a C to T substitution at position 303 of the protein, but this mutation did not result
in a different amino acid (GAC to GAT (Aspartate)). In PTPRJ, three mutations were detected in
the UPF1 siRNA-transfected IPA220 gastric cancer cells. The first mutation resulted in a C to A
substitution at position 1183 (mRNA seq NM_002843.3), which resulted in a CAA (glutamine)
to CCA (proline) amino acid change at position 276 of the PTPRJ protein. The second mutation
resulted in a G to A substitution at position 1333 (mRNA seq NM-002843.3), resulting in an amino
acid change from CGA (Arginine) to CAA (Glutamine) at position 326 of the protein. The last
mutation resulted in a G to C substitution at position 2972 (mRNA seq (NM_002843.3), resulting
in CAG (Glutamine) to GAC (Aspartate) amino acid change at position 836 of the protein (Figure
2). Only the last mutation was detected in the GP202 gastric cancer cells transfected with UPF1
siRNA, but this was a heterozygous mutation.
Using the first primer set of MPP6, two bands were detected on the gel. After sequencing both
bands we observed a 33bp deletion before the coding start site in the shorter band which is
suggestive for a splice variant since the exon-exon boundary is involved (Figure 3). No mutations
were detected. An overview of the mutation detected in this study is presented in table 3.
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Figure 2. Mutations analysis of PTPRJ in the IPA220
siRNA transfected cells yielded three polymorphisms,
A1183C on exon 5 (A), G1333A on exon 6 (B) and G2972C
on exon 13 (C).

CAACTACGAGCCACGAGTTTGCAGATGGGGCTGCTCGGCGGCGCCTGTGGCTGAGGGAGAGCAGCGGCGGCGGGGAGCGACCGGGAGCGGCGGCAGCGGCGGCGCGGAGGCGGCTGAGGTGCGAGCCGGACTAAATCATTTTGCTACTTTAAAAAAATCACGAAAGTACATTATTTGAAGTTTGGAGAAGAAAGGGATTTGGTAACAAAGGACAGCCATTTCCATTTTAAGCAGCTAAACAGCAGGAGAGATTTCTGTAAGAAGGTACCAGCTCAGATTCCATTGTTCATCATTTTGCAATGCAGCAAGTCTTGGAAAACCTTACGGAGCTGCCCTCGTCTACTGGAGCAGAAGAAATAGACCTAATTTTCCTCAAGGGAATTATGGAGAATCCTATTGTAAAATCACTTGCTAAGGCTCATGAGAGGCTAGAAGATTCCAAACTAGAAGCTGTCAGTGACAATAACTTGGAATTAGTCAATGAAATTCTTGAAGACATCACTCCTCTAATAAATGTGGATGAAAATGTGGCAGAATTGGTTGGTATACTCAAAGAACCT
Figure 3. First part of the mRNA sequence of the MMP6 gene. The sequence in bold represents the missing sequence in
the smaller PCR product, located upstream of the start codon. Bold and underlined nucleotides represent the exon-exon
boundaries The start codon ATG is indicated in bold and italic.

Table 3. Overview of mutations detected in the candidate genes
Gene
CSTA
PLA2G4A
PTPRJ

Nucleotide
G298C
C1012T
A1183C
G1333A
G2972C

Amino acid
Val57Ile
Asp303Asp
Gln276Pro
Arg326Gln
Glu836Asp

Exon
2
15
5
6
13
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Discussion
Gastric cancer is a major cause of cancer death, but knowledge about the biology underlying
gastric cancer development is still limited. Several chromosomal regions have been described to
be frequently deleted in gastric cancer, but in most of the regions, no tumor suppressor genes
have been described yet. Using the GINI strategy in combination with array CGH, we aimed to
identify tumor suppressor genes inactivated by nonsense mutation and deletion in gastric cancer
cell lines.
The first GINI strategies used a translation inhibitor to block the NMD pathway. By using
translation inhibitors, the half-lives of many mRNAs are increased, making it difficult to identify
genes of which mRNA is increased due to the existence of a PTC.21 In an attempt to improve
detection of changes in decay rates, actinomycin D treatment, which stops initiation of mRNA
synthesis, has been combined with translation inhibitors.17 This strategy proved not to be as efficient
as initially thought, probably due to side-effects of the drugs which have been suggested to include
stabilization of the transcriptome, resulting in protection of the transcripts from degradation.
In addition, using drug treatment, an overall stress response is induced resulting in upregulation
of many transcripts.21,22 We have previously used a combination of emitine and actinomycin D
treatment to inhibit the NMD machinery in three colorectal cancer cell lines, two microsatellite
stable (HT29 and colo205) and one microsatellite instable (RKO). Sequence analysis of the candidate
genes did not lead to the identification of any truncation mutation (data not shown).
In the present study, we used siRNAs directly targeting UPF1 which plays a central role in the NMD
machinery. This approach was thought to result in less false positive genes compared to chemical
translation inhibitors.15,22 However, as the present study indicated, in our hands this method also
resulted in multiple false positive candidate genes.
Nonetheless, the GINI approach, using drug translation inhibitors in combination with
transcription blockers, has been successfully applied in prostate and colon cancer cell lines.17,23
Also a different GINI approach (GINI2), using caffeine for NMD inhibition, has been successfully
applied in the identification of bi-allelic inactivating mutations.24 Blocking the NMD machinery
using the siRNA strategy was also successful in detecting genes carrying PTCs in colorectal cancer
cell lines.15 However, in all these studies only cancer cell lines with microsatellite instability were
analyzed, increasing the chance of success as microsatellite instable cell lines present, due to their
phenotype, a high frequency of frameshift mutations leading to PTCs. To our knowledge, this
is the first study describing the GINI technology in microsatellite stable gastric cancer cell lines
blocking the NMD mechanism by siRNAs targeting UPF1. After sequencing the mRNA transcripts
of the putative candidate genes, we did not detect nonsense mutations. The fact that the cell lines
used in this study are not microsatellite instable may justify the lack of success on finding genes
harboring premature PTCs. However, the technique should also be applicable on microsatellite
stable cancer cell lines as shown by Pinyol et al.25 In their study, five mantle cell lymphoma cell lines
were examined which may result in a more accurate and stringent selection of candidate genes
compared to our data analysis in which we only used two cell lines.
Although no nonsense mutations were found in this study, we did detect silent or missense
mutations in three genes. A silent mutation was detected in the gene PLA2G4A at position 303
of the protein. This polymorphism has not been previously described. A missense mutation was
detected in the CTSA gene at position 57 of the protein changing a Valine into an Isoleucine. In
the gene PTPRJ, three missense mutations were detected in IPA220 gastric cancer cell line. The
mutations Gln276Pro and Arg326Gln in exons 5 and 6, respectively, have been described before as
being polymorphisms.26 To our knowledge, the third mutation, Glu836Asp, in exon 13, has not been
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previously described, thus the biological consequence, if any, is not clear. Loss of heterozygosity
(LOH) of PTPRJ has been detected in breast, lung and colon cancers and expression has been
shown to induce differentiation and to inhibit growth of breast cancer cells, indicating a function
as tumor suppressor gene.26-28 Since we detected missense mutations of this gene in the gastric
cancer cell lines analyzed, it gives the indication that PTPRJ might play a role as tumor suppressor
gene in gastric cancer, however, apparently not by inactivation by nonsense mutation.
One explanation why our strategy of GINI combined with DNA copy number profiling failed
to detect new tumor suppressor genes with nonsense mutations could be that these nonsense
mutations are less common than expected. Indeed, recent massive sequencing studies have
identified that many cancer related genes often are mutated in only low frequencies, while alternative
mechanisms of inactivation like promoter hypermethylation are much more common.29,30
An important point is why siRNA inhibition of UPF1 generates so many false positive hits. Besides
a crucial role of UPF1 in RNA degradation pathways, the gene also plays a role in DNA replication
during the S phase of the cell cycle, and has been shown to be involved in DNA metabolism.
UPF1 depletion causes cells to arrest in the S phase and those cells are able to initiate but not
complete DNA replication. UPF1 depleted cells have been shown to harbor increased chromatid
and chromosome breaks leading to chromosomal aberrations.31,32 In addition, UPF1 has been
shown to promote the rate and efficiency of translation of normal mRNAs in mammalian cells.33
Translation termination in UPF1 mutants was shown to be dependent on the sequence context.
Efficient translation termination was observed when UCC (Serine) was located upstream and
GCA (Alanine) was located downstream of the PTC. Location of CAA (Glutamine) on either side
of the PTC resulted in up to 100 fold reduction in efficiency of translation termination.34 We could
speculate that by inhibiting UPF1 by siRNAs also mRNAs without PTCs are not efficiently translated
into proteins, and consequently negative feedback loops are not activated, causing the cell to
produce more mRNAs due to lack of functional proteins essential for the cell. This in turn can cause
accumulation of mRNA resulting in false positive genes. Another hypothesis possibly contributing to
the false positive genes found in our analysis can involve the coding sequence surrounding the PTCs
which can determine the efficiency of the NMD machinery. Also, NMD downregulates wild-type
transcripts and regulates the expression of many physiological transcripts.16 Finally, although >70%
depletion of UPF1 is thought to be sufficient for inhibiting the NMD machinery in microsattelite
instable cell lines,15 the inhibition of UPF1 using siRNAs could have been insufficient in the gastric
microsatellite stable cell lines to detect true positives.
In summary, we aimed to find candidate genes inactivated by nonsense mutation and deletion
in the gastric cancer cell lines to further validate our results of DNA copy number profiling and
expression analysis in primary gastric cancers. Although the GINI technology theoretically is a
powerful method for identifying candidate tumor suppressor genes inactivated by nonsense
mutations, siRNA mediated inhibition of the NMD machinery yielded false positive results in
our hands. The GINI technique might be optimized by using a vector containing multiple small
hairpin RNAs (shRNAs) that can silence multiple target sites simultaneously, to more effectively
knockdown the NMD system.35 Moreover, applying this strategy on multiple cell lines might be
a more conservative approach applicable for selecting candidate genes, thereby contributing to
less false positive test results. On the other hand, the discovery of new tumor suppressor genes
inactivated by nonsense mutation by means of GINI may be redundant in the near future due to
the emerging of the next-generation technologies in which the complete genome can be analyzed
by massive parallel sequencing.36
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Abstract
Background: Chromosomal instability (CIN) is the most prevalent type of genomic instability in
gastric tumors, but its role in malignant transformation of the gastric mucosa is still obscure. In
the present study, we set out to study whether two morphologically distinct categories of gastric
cancer precursor lesions, i.e. intestinal-type and pyloric gland adenomas, would carry different
patterns of DNA copy number changes, possibly reflecting distinct genetic pathways of gastric
carcinogenesis in these two adenoma types.
Results: Using a 5K BAC array CGH platform, we showed that the most common aberrations shared
by the 11 intestinal-type and 10 pyloric gland adenomas were gains of chromosomes 9 (29%), 11q
(29%) and 20 (33%), and losses of chromosomes 13q (48%), 6 (48%), 5 (43%) and 10 (33%). The most
frequent aberrations in intestinal-type gastric adenoma were gains on 11q, 9q and 8, and losses
on chromosomes 5q, 6, 10 and 13, whereas in pyloric gland gastric adenomas these were gains
on chromosome 20 and losses on 5q and 6. However, no significant differences were observed
between the two adenoma types.
Conclusion: The results suggest that gains on chromosomes 8, 9q, 11q and 20, and losses on
chromosomes 5q, 6, 10 and 13, likely represent early events in gastric carcinogenesis. The
phenotypical entities, intestinal-type and pyloric gland adenomas, however, do not differ
significantly (P = 0.8) at the level of DNA copy number changes.
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Introduction
Gastric cancer is the second most frequent malignancy worldwide and the prognosis of this
malignancy remains very poor.1 Gastric cancer incidence and mortality rates differ between
different countries within the European Union.2 In the Netherlands it ranks fifth as a cause of
cancer death, with approximately 2,200 new cases each year.3 Surgery with curative intent is the
treatment of choice in advanced cases of gastric cancer, whereas local endoscopic mucosectomy
can be curative in early gastric cancer. Detection and removal of gastric neoplasias in an early or
even premalignant state will contribute to reduce death due to gastric cancer. To achieve this goal,
better tests for early detection of gastric cancer are needed, and an improved understanding of
the biology of gastric cancer progression is crucial in this respect.
According to the Correa model, pathogenesis of intestinal-type gastric adenocarcinoma follows a
pathway of chronic active gastritis due to Helicobacter pylori infection, leading to mucosal atrophy,
intestinal metaplasia followed by intraepithelial neoplasia and finally invasive adenocarcinoma.4
Genetic characterization of tissue samples in intraepithelial neoplasia stage would substantially
contribute to our understanding of the molecular pathogenesis of gastric cancer. However, these
lesions are only rarely detected, possibly due to rapid progression through this stage towards
cancer, and are usually present only in parts of biopsy specimens, hampering genomic analysis
of these lesions. Analysis of alternative precursor lesions could therefore, at least partly, be a
substitute. Development of gastric cancer through an adenoma stage, although less common, is such
alternative route. These adenomas are occasionally detected during gastroscopy and present as large
lesions that histologically show intraepithelial neoplasia, which makes them suitable for genomic
analysis. Gastric adenomas have a direct malignant potential and account for approximately 20%
of all epithelial polyps.5,6 Gastric adenomas can have a classic tubular, tubulovillous, or villous
morphology with a predominantly intestinal-type epithelium, but can also appear as pyloric
gland adenomas.6 Pyloric gland adenomas arise from deep mucoid glands in the stomach and are
strongly positive for mucin.6,7,8 A substantial number of gastric adenomas already show progression
to adenocarcinoma. On first diagnosis around 30–40% of all pyloric gland adenomas already
show a focus of carcinoma.9,10 For intestinal-type adenomas this number is lower and varies from
28.5% for villous adenomas and 29.4% for tubulovillous type adenomas to only 5.4% in the tubular
adenomas.11 Both adenocarcinomas, ex intestinal-type adenomas and ex pyloric gland adenomas,
show glandular structures, in contrast to diffuse type gastric cancer.
A key feature in the pathogenesis of most gastric cancers, as in many other solid cancers, is
chromosomal instability, resulting in gains and losses of parts or even whole chromosomes.12 These
chromosomal changes can be analyzed by comparative genomic hybridization (CGH). Several
previous studies have detected genetic alterations in gastric adenomas using this technique, being
gains on chromosome 7q, 8q, 13q, 20q, and losses on chromosome 4p, 5q, 9p 17p and 18q.13-16
Although uncommon and only observed in adenomas with high grade intraepithelial neoplasia,
high level amplifications have been detected on chromosomes 7q, 8p, 13q, 17q and 20q.13-16 In gastric
adenocarcinomas, consistently described chromosomal aberrations are gains on chromosome
3q, 7p, 7q, 8q, 13q, 17q and 20q and losses on chromosome 4q, 5q, 6q, 9p, 17p and 18q. High level
amplifications have been repeatedly detected on 7q, 8p, 8q, 17q, 19q and 20q.14,17-23 Yet, chromosomal
aberrations, or DNA copy number changes, are not uniform in gastric cancer.24 Subgroups with
different patterns of DNA copy number alterations can be recognized, which have been shown to
be associated with clinical outcome as well.25
In the present study, we set out to study whether two morphologically distinct categories of
gastric cancer precursor lesions, i.e. intestinal-type and pyloric gland adenomas, would carry
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different patterns of DNA copy number changes, possibly reflecting distinct genetic pathways of
gastric carcinogenesis in the two adenoma types.

Material and Methods
Material

Twenty-one paraffin-embedded gastric adenomas, 11 intestinal-type and 10 pyloric gland
adenomas, were included in this study (Figure 1A and 1B). Tumor and patient data are given in
Table 1. For each case, a tumor area consisting for at least 70% of tumor cells was demarcated on
a 4 μm hematoxylin and eosin stained tissue section. Adjacent 10–15 serial tissue sections of 10
μm were stained with hematoxylin and the corresponding tumor area was microdissected using
a surgical blade. A final 4μm “sandwich” section was made and stained with hemotoxylin and
eosin, to compare with the first slide as a control. After deparaffinization, DNA was extracted by a
column-based method (QIAamp DNA mini kit; Qiagen, Westburg, Leusden, NL).38 Genomic DNA
obtained from peripheral blood from ten normal individuals was pooled (either ten females or
ten males, depending on the gender of the patient from which the adenoma was obtained) and
used as control reference DNA.

Figure 1. Haematoxilin and eosin staining (original magnification ×400) of intestinal-type (A) and pyloric gland (B) gastric
adenomas. A. Intestinal-type adenoma of the stomach composed of irregularly arranged glands composed of intestinaltype epithelium with eosinophilic cytoplasm and enlarged nuclei. B. Pyloric gland adenoma of the stomach composed of
densely back to back packed glands consisting of cells with pale cytoplasm and small round hyperchromatic nuclei.

Array CGH

Array CGH was performed essentially as described previously.39 Briefly, 300 ng tumor and reference
DNAs, sex-mismatch as experimental control, were labeled by random priming (Bioprime DNA
Labeling System, Invitrogen, Breda, NL), each in a volume of 50μL. Non incorporated nucleotides
were removed using ProbeQuant G-50 microcolumns (Amersham Biosciences). Cy3 labeled test
genomic DNA and Cy5 labeled reference DNA were combined and co-precipitated with 100μg
of human Cot-1 DNA (Invitrogen, Breda, NL) by adding 0.1 volume of 3 M sodium acetate (pH
5.2) and 2.5 volumes of ice-cold 100% ethanol. The precipitate was collected by centrifugation at
14,000 rpm for 30 minutes at 4°C, and dissolved in 130 μl hybridization mixture containing 50%
formamide, 2 × SCC and 4% SDS. The hybridization solution was heated for 10 minutes at 73°C
to denature the DNA, followed by 60–120 minutes incubation at 37°C to allow the Cot-1 DNA to
block repetitive sequences. The mixture was hybridized on an array containing approximately 5000
clones spotted in triplicate and spread along the whole genome with an average resolution of 1.0
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Mb. The clones are comprised of the Sanger BAC clone set with an average resolution along the
whole genome of 1.0 Mb,40 the OncoBac set,41 and selected clones of interest, obtained from the
Children’s Hospital Oakland Research Institute (CHORI). The selected clones comprise a collection
of BAC clones on chromosome 6 filling the gaps larger than 1 Mb, and full-coverage contigs on
specific regions on chromosomes 8, 13 and 20. Hybridization was performed in a hybridization
station (Hybstation12 –Perkin Elmer Life Sciences, Zaventem, BE) and incubated for 38 h at 37°C.
After hybridization, slides were washed in a solution containing 50% formamide, 2× SCC, pH 7 for
3 minutes at 45°C, followed by 1 minute wash steps at room temperature with PN buffer (PN: 0.1
M sodiumphosphate, 0.1% nonidet P40, pH 8), 0.2× SSC, 0.1× SCC and 0.01× SCC.

Image acquisition and data analysis

Images of the arrays were acquired by scanning (Agilent DNA Microarray scanner- Agilent
technologies, Palo Alto, USA) and quantification of the signal and background intensities for each
spot for the two channels Cy3 and Cy5 was performed by Imagene 5.6 software (Biodiscovery Ltd,
Marina del Rey, CA, USA). Local background was subtracted from the signal median intensities
and tumor to reference ratios were calculated. The ratios were normalized against the mode of the
ratios of all autosomes. Clones with poor quality of one of the triplicates and hybridization with a
standard deviation (SD) ≤ 0.22 and clones with > 50% missing values in all adenomas were excluded,
leaving 4,648 clones for further analysis. All subsequent analyses were done considering the clone
position from the UCSC May2004 freeze of the Human Golden Path. Array CGH smooth,42,43 was
used for automated detection of breakpoints to determine copy number gains and losses. Since
variation in quality is observed in DNA obtained from formalin-fixed paraffin-embedded gastric
tissues, different smoothing parameters were applied, depending on the quality of the hybridization.
For array CGH profiles with a standard deviation smaller or equal to 0.15, between 0.15 and 0.20 or
between 0.20 and 0.22, the applied smoothing parameters to determine gains and losses were 0.10,
0.15 and 0.20 respectively. Log2 tumor to reference ratio above 1 was regarded as amplification.
Table 1. Tumor and patient information.
Tumor
ID
1
2
3
4
5
6
7
8
9
10
11

Adenoma
type
Intestinal
Intestinal
Intestinal
Intestinal
Intestinal
Intestinal
Intestinal
Intestinal
Intestinal
Intestinal
Intestinal

Grade of
dysplasia
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Mild
Moderate
Mild
Mild
Moderate

Gender

Age

Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Female

75
45
80
79
76
75
57
64
63
75
45

Tumor
ID
12
13
14
15
16
17
18
19
20
21

Adenoma
type
Pyloric gland
Pyloric gland
Pyloric gland
Pyloric gland
Pyloric gland
Pyloric gland
Pyloric gland
Pyloric gland
Pyloric gland
Pyloric gland

Grade of
dysplasie
Moderate
Mild
Severe
Moderate
Moderate
Mild
Moderate
Moderate
Moderate
Moderate

Gender

Age

Male
Male
Female
Female
Male
Female
Female
Male
Female
Male

78
50
76
85
63
86
59
69
78
?

Statistical analysis

Unsupervised hierarchical cluster analysis was performed to analyze the distributions of the genomic
profiles of all adenomas using TMEV software 3.0.3.44 Based on normalized smoothed log2 tumor
to normal fluorescence intensity ratios, a hierarchical tree was constructed using the parameters
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complete linkage and euclidean distance. Pearson Chi-square test was used for analyzing correlations
between cluster membership and adenoma type (SPSS 11.5.0 for windows, SPSS Inc, Chicago, IL,
USA). P-values less than 0.05 were considered to be significant. Supervised analysis was used for
identifying chromosomal regions specific for the two adenoma types using CGH Multiarray and
CGH Multiarray Region.45,46 Based on normalized smoothed log2 tumor to normal fluorescence
intensity ratios, p-values were calculated for the significance of difference of values for each clone
between pyloric gland and intestinal-type adenomas, using a Wilcoxon test with ties. To correct
for multiple testing, a permutation-based false discovery rate (FDR) was calculated.47

Results
DNA copy number changes were observed in 10 out of 11 intestinal-type adenomas and 9 out
of 10 pyloric gland adenomas. The mean number of chromosomal events, defined as gains and
losses, per tumor was 6.0 (range 0–18), including 2.9 (range 0–14) gains and 3.0 (range 0–7) losses.
In intestinal-type adenomas, the mean number of chromosomal events per tumor was 6.5 (range
0–18) of which 3.4 (range 0–14) gains and 3.1 (range 0–7) losses, and in the pyloric gland adenomas
the mean numbers were 5.4 (range 0–9), 2.4 (range 0–7) and 3.0 (range 0–7) respectively.
In the intestinal-type gastric adenomas, the most common aberrations observed were gains
on chromosomes 8, 9q and 11q, and losses on chromosomes 5q, 6, 10 and 13. In four adenomas
(36.4%), gain of chromosome 11q23.3 was observed with a common region of overlap of 2.6 Mb.
Gain of chromosome 9q was observed in four adenomas (36.4%) with a 12.6 Mb common region
of overlap located on chromosome 9q33.1-q34.13. Gain of chromosome 8 was observed in three
adenomas (31%), two of which adenomas showed gain of whole chromosome 8, and the third
adenoma showed a gain of chromosome 8p-q22.3 with an additional 28.7 Mb gain on chromosome
8q24.11-qter. In addition, gains were observed on chromosomes 1, 3, 6p, 7, 11p, 12p, 13q, 16, 17, 19,
20 and 22q. No amplifications were seen in the intestinal-type adenomas.
Deletions on chromosome 13 were observed in seven intestinal-type adenomas (64%). Of these,
five showed a 11.9 Mb deletion of chromosome 13q21.2-21.33 with an additional 7.7 Mb deletion
on chromosome 13q31.1-31.3. The other two adenomas showed a 16.6 Mb deletion of 13q14.3-31.
A deletion on chromosome 6 was observed in six adenomas (55%), with an overlapping region of
68.9 Mb located on 6cen-q22.1. A deletion of chromosome 5q was observed in four adenomas (36%)
with a common region of overlap located on chromosome 5q22.1-q23.2. In addition, a deletion of
whole chromosome 10 was observed in four adenomas (36%). Other losses observed in intestinaltype adenomas were located on chromosomes 8q, 9p, 10, 12q, 20q and 21. An overview of all DNA
copy number aberrations of the intestinal- type adenomas is shown in Table 2.
The most frequent aberration observed in pyloric gland adenomas were gains on chromosome
20 and losses on chromosomes 5q and 6. Gains on chromosome 20 were seen in four adenomas
(40%). Three adenomas showed a 9.8 Mb gain of chromosome 20q13.12-q13.33, and gain of whole
chromosome 20 was observed in the other adenoma. In addition, gains were seen on chromosomes
1, 3q, 5q, 7, 9q, 11q, 12q, 13q, 15q, 17 and 22q. One pyloric gland adenoma showed amplifications,
located on 12q13.2-q21.1 and 20q13.3-q13.33.
Five pyloric gland adenomas (50%) showed loss of chromosome 5q, two of which had lost a
whole chromosome arm, while two adenomas showed a 22.4 Mb deletion of 5q11.2-q13.3 and one
adenoma a 40.3 Mb deletion of 5q21.1-q31.2. Loss of chromosome 6 was observed in four pyloric
gland adenomas (40%), three of which showed a complete loss of 6q and one adenoma showed a
51.2 Mb deletion of 6p21.1-q16.3. Other chromosomal losses were observed on chromosomes 1p,
90

DNA copy number profiles of gastric cancer precursors
2q, 4, 9p, 10, 12q 13q, 14q, 16, 18q, 20q, and 21. An overview of DNA copy number aberrations of
the pyloric gland adenomas is shown in Table 3.
The most common aberrations shared by both intestinal-type and pyloric gland adenomas were
gain of chromosome 9q (29%), 11q (29%), and 20q (33%) and loss of chromosome 5 (43%), 6 (48%),
10 (33%) and 13q (48%). By comparing intestinal-type and pyloric gland adenomas, CGH Multiarray
revealed eight clones to be significantly different, six of which were located at chromosome 6q14-q21
(p = 0.02 to 0.05) and two clones on chromosome 9p22-p23 (p = 0.02 and 0.04, respectively) (Figure
2). No genes located in the regions covered by these clones have been known to be involved in
cancer related biological processes. Yet, CGH Multiarray Region, after correction for multiplicity,
yielded a false discovery rate (FDR) of 1 for all these regions, indicating no significant differences
between the two different types of adenomas at the chromosomal level. Unsupervised hierarchical
cluster analysis yielded 2 clusters. No significant associations were found here (p = 0.8).
Table 2. Overview of the DNA copy number changes in 11 intestinal-type adenomas.
Tumor ID
1

2

3
4

Chromosomal aberrations
Gains
Losses
1p-p36.11
5q13.2-q23.2
6p21.33-p21.1
6p21.1-q16.1
9q33.1-34.2
11q23.3
13q21.1-q31.3
1p-1p33
6p21.33-p21.1
6p21.1-q16.2
8p-q22.3
8q24.11-qter
9q33.1-q34.2
11p11.2-q13.5
11q23.3
12q13.11-q14.1
13q21.1-q21.33
13q31.1-q31.3
16p13.3-q21
16q21-q22.1
16q22.1-q24.3
17
19
20q11.21-q11.23
20q13.12-qter
6p21.1
6p12.3-q22.1
7
8q22.3-q23.3

Segment size (Mb)
26.68
55.26
13.78
52.05
17.32
4.80
39.63
46.90
14.12
54.91
105.67
28.65
13.63
31.69
2.62
10.57
18.24
12.49
57.26
5.97
22.46
81.24
61.01
5.09
19.60
3.32
76.38
156.89
9.69

Flanking clones
Start
RP11-465B22
RP11-115I6
RP11-346K8
RP11-89I17
RP11-27I1
RP11-4N9
RP11-200F15
RP11-465B22
RP11-346K8
RP11-554O14
GS1-77L23
RP11-278L8
RP11-85O21
RP11-58K22
RP11-4N9
RP11-493L12
RP11-200F15
RP11-533P8
RP11-243K18
RP11-105C20
RP11-63M22
GS1-68F18
CTB-1031C16
RP3-324O17
RP1-138B7

End
RP1-159A19
CTB-1054G2
RP11-227E22
RP3-393D12
RP11-417A4
RP11-730K11
RP11-62D23
RP11-330M19
RP11-121G20
RP11-79G15
RP11-200A13
RP5-1056B24
RP11-417A4
RP11-30J7
RP11-62A14
RP11-571M6
RP11-335N6
RP11-62D23
RP11-405F3
RP11-298C15
CTC-240G10
RP11-567O16
GS1-1129C9
RP5-977B1
CTB81F12

RP11-79J5
RP11-79G12
RP11-510K8
RP11-142M8

RP11-121G20
RP11-59D10
CTB-3K23
RP11-261F23
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Table 2. Continued. 		
Tumor ID

Gains
9q33.1-q34.13
11q23.3

Losses

13q21.2-q21.33
13q31.1-q31.3
16q23.2-q24.3
20p-q13.2
20q13.31-qter
22q
5
6

12q24.31-qter
3
6cen-q24.1
7
8
13q21.1-q21.33
13q31.1-q31.3
20q13.2-q13.31
5q21.1-qter
10

7
13q21.33-31.1
8

5q22.1-q23.2
6p12.3-q22.1
9p21.1-pter
10
13q14.3-q31.3
17
19
20
22q

9

5q14.3-q23.2
6p22.2-q22.3
6p12.1-q24.1
8
9q33.1-qter
10
11q23.3

10

11
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-

13q14.3-qter
20q13.2-q13.31
21cen-q21.3
8q22.3-q23.3
10
13q21.1-q21.33
13q31.1-q31.3
-

Segment size (Mb)
12.58
3.04
17.05
11.68
8.92
53.40
8.06
33.72
11.75
193.37
88.49
156.09
144.26
11.86
9.62
1.41
80.52
132.19
8.76
13.28
74.37
31.18
133.18
39.71
77.65
63.31
60.87
31.25
33.06
8.44
88.89
145.95
13.60
133.18
3.16
58.59
1.96
17.39
12.93
134.52
18.03
8.99

Start
RP11-55P21
RP11-4N9
RP11-240M20
RP11-400M8
RP11-303E16
CTB-106I1
RP5-1167H4
XX-P8708
RP11-322N7
RP11-299N3
RP11-91E17
RP11-510K8
RP11-91J19
RP11-640E11
RP11-400M8
RP11-212M6
CTC-1564E20
RP11-29A19
RP11-209P2
RP11-276O18
RP11-89l17
RP11-147I11
RP11-10D13
RP11-211J11
GS1-68F18
CTC-546C11
RP4-686C3
XX-bac32
RP11-302L17
RP11-91n3
RP11-7h16
GS1-77L23
RP11-91G7
RP11-10D13
RP11-4N9
RP11-240M20
RP11-55E1
RP11-193B6
RP11-142M8
RP11-10D13
RP11-322F18
RP11-533P8

End
RP11-83N9
RP11-8K10
RP11-77P3
RP11-100A3
RP4-597G12
RP5-1162C3
CTB-81F12
CTB-99K24
RP11-1K22
RP11-279P10
RP11-86O4
RP11-518I12
RP5-1118A7
RP11-452P23
RP11-306O1
RP4-586J11
RP11-281O15
RP11-45A17
RP11-470M1
RP11-14L4
RP11-149M1
RP11-12K1
RP11-45A17
RP11-306O1
RP11-398J5
CTD-3138B18
RP4-591C20
CTA-722E9
RP11-14L4
RP11-88h24
RP11-368P1
CTC-489D14
GS1-135I17
RP11-45A17
RP11-215D10
RP11-480K16
RP5-832E24
RP11-41N19
RP11-143P23
RP11-122K13
RP11-335N6
RP11-505P2
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Table 3. Overview of the DNA copy number changes in 10 pyloric gland adenomas.
Tumor ID
12

13
14

15

16

17

18

19

Chromosomal aberrations
Gains
Losses
1q21.3-q23.3
1q42.13-q43
3q
5q35.1-q35.3
6q
7
17
20
4
5q
14q
16
20q13.2-q13.33
9q33.2-q34.3
11q23.2-q24.3
12q14.3-q15
20q13.31-q13.33
22q
9q33.3-qter
10p12.1-qter
11q23.1-q24.3
13q31.1-q32.1
20q13.2-q13.31
1p34.3-pter
1p33-qter
2q31.1-qter
5q21.1-q31.2
5q31.3-qter
6q
10
13q31.1-qter
20q13.2-qter
5q11.2-q21.2
6p12.1-q16.3
9pter-q13
10
13q21.1-q21.33
13q31.1-q31.3
21cen-q21.3
1p32.3-p21.1
5q11.2-q13.3
13q12.11-q14.3
15q12-q26.3

Segment size (Mb)
9.95
14.07
111.59
9.11
115.76
156.09
77.48
63.47
191.13
128.59
83.81
89.71
10.84
16.81
16.04
2.58
6.86
32.53
13.57
110.28
17.72
10.84
1.96
35.59
203.62
66.00
40.27
39.06
113.61
134.52
36.14
11.24
51.24
51.24
66.82
133.04
18.39
12.45
17.39
50.40
24.64
31.58
77.21

Flanking clones
Start
RP11-98D18
RP11-375H24
RP11-312H1
RP11-20O22
RP11-524H19
RP11-510K8
RP11-4F24
CTB-106I1

End
RP11-5K23
RP11-80B9
RP11-23M2
RP11-451H23
RP5-1086L22
RP11-518I12
RP11-313F15
CTB-81F12

CTC-963K6
CTD-2276O24
RP11-98N22
RP11-344L6
RP4-724E16
RP11-57K1
RP11-635F12
RP11-30I11
RP5-1153D9
XX-p8708
RP11-85C21
RP11-379L21
RP11-107P10
RP11-661D17
RP11-55E1
RP1-37J18
RP4-739H11
RP11-205B19
CTD-2068C11
CTD-2323H12
RP11-89D6
RP11-10D13
RP11-388E20
RP11-15M15
CTC-1329H14
RP11-7H16
GS1-41L13
RP11-10D13
RP11-240M20
RP11-551D9
RP11-193B6
RP11-117D22
RP4-592P18
RP11-187L3
RP11-131I21

RP11-45F23
RP11-281O15
RP11-73M18
RP4-597G12
CTB-81F12
RP11-83N9
RP11-567M21
RP11-444B24
RP5-963E22
CTA-722E9
GS1-135I17
RP11-45A17
RP11-567M21
RP11-40H10
RP4-586J11
RP11-204L3
RP11-551G24
RP11-556H17
RP11-515C16
RP11-451H23
CTB-57H24
RP11-122K13
RP11-245B11
RP5-1022E24
RP1-66P19
RP11-438N24
RP11-265B8
RP11-45A17
RP11-335N6
RP11-100A3
RP11-41N19
RP5-1108M17
CTD-2200O3
RP11-327P2
CTB-154P1
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Table 3. Continued.
Tumor ID

Gains

Losses
18q21.1-q23

22q13.2-qter
20

9p-q13
12q13.2-q21.1
(amplification)
12q21.2-qter
18q21.31-q23

21

20q13.13-q13.33
(amplification)
5p
5q
6p
6q

Segment size (Mb)
31.31
10.02
66.57
19.50

Start
RP11-46D1
CTA-229A8
GS1-41L13
RP11-548L8

End
RP11-154H12
CTA-799F10
RP11-274B18
RP11-255I14

55.56
23.28
14.62

RP11-25J3
RP11-383D22
RP5-1041C10

RP11-1K22
CTC-964M9
RP5-1022E24

43.15
130.26
62.57
106.73

CTD-2265D9
RP11-269M20
CTB-62I11
RP11-767J14

RP11-28I9
RP11-451H23
RP11-506N21
RP5-1086L22

Figure 2. Comparison of DNA copy number alterations in intestinal and pyloric gland type gastric adenomas. A p-value
(Y-axis) was calculated for every clone, based on a Wilcoxon test with ties, and plotted in chromosomal order from
chromosome 1 to 22 (X-axis). Eight clones reached the level of significance (p < 0.05), but failed to maintain a significantly
low false discovery rate after correction for multiple comparison.

Discussion
Given the heterogeneous phenotype of gastric cancer, the present study primarily aimed to compare
copy number changes between intestinal-type adenomas and pyloric gland adenomas, in order to
find leads towards genetic pathways involved in the pathogenesis of gastric cancer. Adenoma-tocarcinoma progression is observed in 30–40% of the pyloric gland adenomas and in approximately
5–30% of the intestinal-type adenomas (varying from about 5% in tubular adenomas to almost
30% for tubulovillous and villous adenomas),9-11 indicating the direct malignant potential of these
two adenoma types and making gastric adenomas a suitable model for detecting early events in
gastric carcinogenesis.
Pyloric gland adenomas constitute a recently recognized entity.8,26 To the best of our knowledge,
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this type of adenomas has never been analyzed by array CGH before. The mean number of events
in this type of adenoma was 5.4 (0–9), with 2.4 (0–7) gains and 3 (0–7) losses. This is comparable
with the mean number of aberrations in intestinal-type adenomas (6.5 (0–18), 3.4 (0–14) and 3.1
(0–7) respectively). In pyloric gland adenomas, frequent events were gain on chromosome 20
and losses on chromosomes 5q and 6, while intestinal-type adenomas mainly showed gain on
chromosomes 8, 9q, and 11q, and losses on chromosomes 5q, 6, 10 and 13. In the present study,
gain of chromosome 7 was less common than found previously.16 Although these frequently altered
regions differ between the two types of adenomas, hierarchical cluster analyses did not separate
the groups. In addition, CGH Multiarray Region did not reveal any significant differences after
correction for multiple comparisons. This lack of statistically significant differences could be due to
the limited sample size combined with the fact that in general, adenomas show little chromosomal
aberrations. On the other hand, it could simply be that these morphologically different entities
do not differ in terms of chromosomal gains and losses. Finding no significant differences at the
chromosomal level does not preclude other genetic and biological differences such as mutation
or promoter methylation status of specific genes.
Aberrations already detected in adenomas may be early events in the stepwise process
of accumulating changes which may cause progression of adenoma to carcinoma. As
expected, the mean number of chromosomal events was lower in adenomas compared to the
carcinomas.13,14,27Moreover, high level amplifications are uncommon in adenomas, while carcinomas
frequently show high level amplifications.13,16 The aberrations found in both intestinal-type and
pyloric gland adenomas, such as losses on chromosome 5q, are also frequently detected in gastric
carcinomas.15,19,28 Previous CGH results showed a significantly higher number of chromosome 5q
losses in intestinal-type carcinoma compared to diffuse type carcinoma.29 Chromosome 6, also
lost in both types of adenomas, frequently is deleted in gastric carcinomas as determined by
LOH studies.30,31 Moreover, chromosome 6q deletion has been reported to be involved in an early
stage of gastric carcinogenesis, since chromosome 6q deletions are frequently detected in early
gastric cancer and also in intestinal metaplasia.31,32 Losses of chromosomes 10 and 13 have been
previously observed in adenomas at lower frequencies. In gastric carcinomas, both gains and losses
of chromosome 10 and 13 have been observed by previous CGH studies.15,19,21,33 Chromosome
10 harbors the oncogene FGFR2 (10q26) and tumor suppressor genes PTEN/MMAC1 (10q23)
and DMBT1 (10q25-q26), both involved in carcinogenesis, which could explain the observation
of both gains and losses of chromosomes 10 in gastric carcinomas.34-36 Indeed chromosome 13
harbors tumor suppressor genes such as BRCA2 (13q12.3) and retinoblastoma gene (RB1) (13q14).
In contrast, gain of chromosome 13q has been correlated to colorectal adenoma-to-carcinoma
progression, and amplification of chromosome 13 has been observed in gastric adenomas with
severe intraepithelial neoplasia.14,37 The precise role of chromosome 13 aberration in gastric cancer
therefore remains to be resolved.
Most frequent copy number gains were observed on chromosomes 8, 9q, 11q and 20. Especially
gains of chromosomes 8 and 20 are consistent with previous (array) CGH studies in both gastric
adenomas and gastric carcinomas,13-16,19,25 implicating this as early events in tumorigenesis. Although
gain of chromosome 11q has not been described as a frequent event in adenomas, in carcinomas gain
or amplification on chromosome 11q is common.13-16 In the present study gain of chromosome 11q
was frequently observed in the adenomas, implying the malignant potential of these adenomas.
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Conclusion

These data indicate that gains on chromosomes 8, 9q, 11q and 20 and losses on chromosomes
5q, 6, 10 and 13 are early events in gastric carcinogenesis. Despite the phenotypical differences,
intestinal-type and pyloric gland adenoma do not differ significantly at the level of DNA copy
number changes.
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Abstract
Gastric cancer is one of the most frequent malignancies in the world. Nonetheless, the knowledge
of the molecular events involved in the development of gastric carcinoma is far from complete.
One of the hallmarks of gastric cancer is chromosomal instability resulting in abnormal DNA copy
number changes throughout the genome. Mixed gastric carcinomas constitute a rare histological
entity, containing the two main histological phenotypes (diffuse and intestinal). Very little is known
about the underlying mechanisms of phenotypic divergence in these mixed tumors. To the best
of our knowledge only E-Cadherin mutations were implicated so far in the divergence of these
tumors and nothing is known about the involvement of chromosome copy number changes in
the two divergent histological components. In this study, we compared the DNA copy number
changes, in the two different components (diffuse and intestinal) of mixed gastric carcinomas by
microarray – comparative genomic hybridization (array CGH).
The analysis of 12 mixed gastric carcinomas showed no significant differences in array CGH profiles
between the diffuse and intestinal components of mixed carcinomas. This supports the idea that
the phenotypic divergence within mixed gastric carcinomas is not caused by DNA chromosomal
aberrations.
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Introduction
Despite the overall decrease in incidence and mortality rates, gastric cancer remains the second
most frequent malignancy worldwide.25,26 Within the European Union, incidence and mortality
rates differ between countries, Portugal having the highest incidence (31.9/100,000) and mortality
(17.5%) rates attributable to gastric cancer.2 In contrast, in The Netherlands gastric cancer ranks
fifth as cause of cancer death,43 with an incidence of 15.5/100,000.2
Two main histological types of gastric cancer are recognized, the intestinal22 or glandular
carcinoma5 and the diffuse22 or isolated-cell type carcinoma5. Distinct genetic pathways underlie
these two types of gastric cancer. Mutations in particular genes are restricted to one of the two
histological types, such as mutations in CDH1 (the gene encoding for the adhesion molecule
E-cadherin) that occur only in diffuse gastric carcinoma1,10 or amplification, and consequently overexpression, of the ERBB2 oncogene, which is only observed in intestinal gastric carcinoma.42
In addition, there is a third histological type, the mixed gastric carcinoma, with a dual pattern
of differentiation, encompassing in the same tumor distinct histological components (intestinal/
glandular and diffuse/isolated-cell type).22,5 Mixed gastric carcinomas have a poor prognosis and it
was advanced that this might be due to the cumulative effect of the adverse characteristics of each
of the constituents: bloodborn metastases for the intestinal/glandular component and peritoneal
dissemination with lymph node metastases for the diffuse/isolated-cell component.5 Survival of
patients with mixed carcinomas was shown to be significantly worse than that of patients with
pure histological type tumors.6
Analysis of CDH1 mutations in a series of 26 gastric carcinomas (10 “pure” intestinal, 10 “pure”
diffuse and 6 mixed carcinomas) showed that mutations were found in diffuse carcinomas and,
within mixed carcinomas, were only detected in the diffuse component of the tumors, thus
providing a genetic basis for the phenotypic divergence within mixed carcinomas.23
Chromosomal instability is a hallmark of solid tumors.8 In gastric cancer, DNA copy number
changes constitute a major part of the genomic alterations observed, and aberrations that are
consistently described by CGH are gains of chromosome 3q, 7p, 7q, 8q, 13q, 17q, 20p and 20q and
losses 4q, 9p, 17p and 18q.29,11,41,17,49,12,47,28,18,34,45,20 When comparing the copy number changes between
the two histological types, some authors found differences19,42,49 while others observed similar
patterns of chromosomal copy number changes in both intestinal and diffuse carcinomas.24,18,41,47
Although rare, mixed gastric carcinomas constitute an excellent model of nature to analyze
within one tumor the pattern of copy number changes of two diverging histological types, i.e.
intestinal and diffuse.
To the best of our knowledge, this is the first study that analyses DNA copy number changes in
the two distinct components (intestinal and diffuse) of mixed gastric cancers by array CGH.

Material and methods
Sample collection and DNA isolation

Twelve formaldehyde-fixed, paraffin-embedded gastric carcinoma tissue samples, classified as
mixed carcinomas (containing distinct areas of intestinal and diffuse components) were collected.
Nine cases originated from Hospital S. João, Porto, Portugal, two cases from the Dutch D1/D2
trial3 and one case from the Academic Unit of Pathology, University Leeds, United Kingdom. All
samples analyzed showed metastasis in the lymph nodes at time of diagnosis and were therefore
considered advanced tumors. From these cases, areas containing at least 70% tumor cells in
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each component were selected on a 4 μm haematoxylin and eosin stained tissue section, by a
pathologist (G.A.M.). Adjacent serial sections of 10 μm were cut for DNA isolation and a final 4
μm haematoxylin and eosin stained section was made as control, to check whether there was
still tumor in the marked area. After deparaffination with xylene, the areas corresponding to
each component were carefully scratched from the slide with a scalpel blade. DNA was isolated
as previously described44 using a commercially available column-based method (QIAamp DNA
isolation mini kit; Qiagen, Westburg, Leusden, The Netherlands). For very small tissue samples a
microkit was used (QIAamp DNA isolation microkit; Qiagen, Hilden, Germany). DNA concentrations
were determined using Nanodrop ND-1000 spectrophotometer (Isogen, IJsselstein, NL). DNA quality
for array CGH was assessed by performing PCR for the human housekeeping gene β-globin using
two primer sets that produce 209 bp (β3 forward primer acacaactgtgttcactagc and β5 reverse
primer gaaacccaagagtcttctct) and 300 bp (β3 forward primer acacaactgtgttcactagc and β6 reverse
primer catcaggagtggacagatcc) products. Of each archival sample, 50 ng DNA in a final volume
of 5 μl was added to a PCR mixture containing 1.5 mM MgCl2, 0.2 mM dNTPs, 0.5 U Taq DNA
polymerase (Applied Biosystems, Nieuwerkerk aan den IJssel, NL), 0.5 μM forward primer (β3) and
0.5 μM reverse primer (either β5 or β6). PCR reaction was performed for 40 cycles (1 minute at
94°C, 2 minutes at 58°C, 1 minute 30 seconds at 72°C) with an initial denaturation of 4 minutes at
94°C and a final extension 4 minutes at 72°C. Human DNA from placenta and water were used as
positive and negative control, respectively. PCR products were visualized on a 2% agarose ethidium
bromide-stained gel. This quality control is in accordance to what is published.38

Array CGH
Array platform
We used a full-genome BAC array printed in the house containing approximately 5000 DNA clones
(http://www.vumc.nl/microarrays/index.html). The array comprised the Sanger 1 Mb clone set with
an average resolution along the whole genome of 1.0 Mb (http://www.ensembl.org/Homo_sapiens/
cytoview), the OncoBac set (http://informa.bio.caltech.edu/Bac_onc.html), containing approximately 600 clones corresponding to 200 cancer-related genes, and selected clones of interest obtained
from the Children’s Hospital Oakland Research Institute (CHORI) (http://bacpac.chori.org/home.
htm), to fill any gaps larger than 1 Mb on chromosome 6 and to have full-coverage contigs of
regions on chromosomes 8, 11, 13 and 20. Amplification of BAC clone DNA was done by ligation
mediated polymerase chain reaction (PCR) according to Snijders et al.31. All clones were printed in
triplicate on CodelinkTM slides (Amersham BioSciences, Roosendaal, NL) at a concentration of 1 μg/
μl, in 150 mM sodium phosphate, pH 8.5, using a SpotArray72 printer (Perkin Elmer Life Sciences,
Zaventem, BE). After printing, slides were processed according to the manufacturers protocol
(CodelinkTM slides; Amersham BioSciences, Roosendaal, NL).

Labeling and hybridization
Array CGH was performed according to Snijders et al.31, with a few modifications. Briefly, 300 ng
of tumor and reference DNAs were labeled by random priming (Bioprime DNA Labeling System,
Invitrogen, Breda, NL). Removal of unincorporated nucleotides was done with sephadex columns
(ProbeQuant G-50 Micro Columns – Amersham BioSciences, Roosendaal, NL). Cy3 labeled test
genomic DNA and Cy5 labeled reference DNA were combined and co- precipitated with 100 μg
of human Cot-1 DNA (Invitrogen, Breda, NL) by adding 0.1 volume of 3 M sodium acetate (pH 5.2)
and 2.5 volumes of ice-cold 100% ethanol. The precipitate was collected by centrifugation at 14,000
rpm for 30 minutes at 4°C. After airdrying the pellet was dissolved in 130 μl hybridization mixture
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containing 50% formamide, 2 × SCC, 10% dextran sulfate and 4% SDS. The DNA samples were
denatured for 10 minutes at 73°C followed by a 60 minutes incubation at 37°C to allow the Cot-1
DNA to block repetitive sequences. The array was incubated for 38 h at 37°C with the denatured and
blocked hybridization mixture in a hybridization station (HybArray12TM – Perkin Elmer Life Sciences,
Zaventem, BE). After hybridization, slides were washed in a solution containing 50% formamide,
2 × SCC, pH 7 for 3 minutes at 45°C, followed by 1 minute wash steps at room temperature with
PN buffer (PN: 0.1 M sodium phosphate, 0.1% nonidet P40, pH 8), 0.2 × SSC, 0.1 × SCC and 0.01 ×
SCC. Slides were dried by centrifugation at 1000 rpm for 3 min at room temperature.

Image acquisition, feature extraction and normalization
Images of the arrays were acquired by scanning (Agilent DNA Microarray scanner – Agilent
technologies, Palo Alto, USA) and Imagene 5.6 software (Biodiscovery Ltd,Marina del Rey, California)
was used for automatic feature extraction (segmentation of the spots and quantification of the
signal and background intensities for each spot for the two channels Cy3 and Cy5). A microsoft
Excel sheet was used to subtract local background from the signal median intensities of both test
and reference DNA and to calculate the tumor to reference ratios. Test to normal fluorescence
ratios were normalized against the mode of the ratios of all autosomal clones. As the clones were
spotted in triplicate, the median value of the corresponding three intensities was used for each
clone in the array. If the standard deviation of the intensity of the three spots was greater than
0.2, clones were excluded from further analysis. Furthermore, clones with more than 20% missing
values in all carcinomas were also excluded from further analysis. All subsequent analyses were done
considering the clone position from the UCSC May 2004 freeze of the Human Golden Path.

Data analysis
DNA copy number segmentation
To segment DNA copy number alterations (gains and/or losses), a smoothing algorithm – “aCGHSmooth” was applied14,15 (http://www.few.vu.nl/~vumarray/). Because there was variation of the
level of noise between experiments, different cut-offs for calling gains and losses were used. To
establish the most appropriate threshold in each experiment, the standard deviation (SD) computed
in every case over an area without aberrations was used as input for a variable in the Array CGH
Smooth (using default settings) that determines the cut off for gains and losses. Amplification was
considered when the ratio (in a logarithmic scale) was above 1.0.

Statistical analysis
Statistical analysis comparing the intestinal and diffuse components from the same tumor was
done using CGHMultiArray40 adapted for paired analysis by using the Wilcoxon signed-rank test
corrected for ties. A false discovery rate (FDR) of <0.1 was regarded as statistically significant. All the
analyses were done excluding chromosomes X and Y, as in every hybridization a sex-mismatched
reference DNA was used for quality control of the experiment.
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Results
We studied 12 gastric cancers of mixed histological type, by array CGH, analyzing separately the
two components (intestinal and diffuse). The mean number of aberrations observed per tumor
was 10.22 (range 3–21). Overall, gains were more frequent than losses, on average the number
of gains observed per tumor was 7.22 (1–16) compared to an average number of losses of 3.00
(0–12). Figure 1 gives an overview of the frequency of gains and losses in both intestinal and diffuse
components of the mixed gastric cancers analyzed. The most frequent aberrations (>20%; at least
in 2 cases) observed in both components were gains on chromosomes 1, 6p, 7, 8, 10, 11, 12p, 13q,
16, 17q, 19q, 20 and 22q, and losses on chromosome 9p. We detected amplifications in four cases,
on chromosome 8p, 8q, 12p, 15q, 17q and 20q (Table 1). On chromosomes 8p and 15q the amplified
regions were large, spanning segments of approximately 7 and 11 Mb, respectively. Nevertheless,
these regions include the genes SOX7 and CTSB (Cathepsin B) on 8p and IQGAP1 on 15q which are
known to be overexpressed/amplified in gastric cancer. The amplification observed on 8q spans
a region of 3.9 Mb and contains 7 genes (TRMT12, RNF139, TATDN1, MTSS1, TRIB1, FAM84B and
c-MYC). The genes K-RAS, and ERBB2 map to the amplified regions detected in 12p (RP11-707G18),
and 17q (RP11-94L15), respectively. On chromosome 20q, two known cancer-related genes map in
the amplified region, ZNF217 and CYP24A1. Examples of amplifications can be seen in Figures 2A
and B. In all amplicons, the amplified clones harboring these genes were exactly the same in both
histological components. As illustrated in Figure 2B, both intestinal and diffuse components of
case #1 have the same amplified clone on 17q (RP11-94L15), which harbors the oncogene ERBB2.
Table 1. Mixed gastric carcinomas with one or more amplified regions.
Case nr.

Mb location

Size amplicon (Mb)

Possible candidate genesa

1

17q

37.9-38.5

0.65

ERBB2

4

8p

4.3-11.7

7.4

SOX7, CTSB

7

8q

125.5-129.4

3.9

TRIB1, FAM84B, c-MYC

10
a

Chromosome

15q

88.1-99.9

11.8

IQGAP1

20q

49.9-52.2

2.3

ZNF217,CYP24A1

12p

25.3-25.7

0.4

K-RAS

In bold, oncogenes known to be amplified in gastric cancer.

Comparison between the two components

When comparing the intestinal and diffuse components by means of CGH MultiArray for paired
samples, we did not find any statistically significant difference between the intestinal and the
diffuse component for every clone throughout the whole genome (Figure 3). In addition, in order to
identify and highlight any DNA copy number changes that differed between the two components,
we calculated the ratio of the DNA copy number log2 ratios from both components, diffuse versus
intestinal [log2 (ratio D1/I1) = log2 (ratio D1) − log2 (ratio I1)]. As expected these ratios were close
to zero (Figure 4), with the exception of a few cases with higher noise levels (Figure 5).
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Figure 1. Frequencies of gains and losses throughout the genome in all analyzed tumors. (A) Diffuse-type component;
(B) Intestinal-type component. Clones are sorted by position per chromosome (1-X). Vertical lines – transition between
chromosomes; Dashed-vertical lines – centromere position.
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Figure 2. Two cases with amplification of specific genomic regions. Case #7 present an amplification on chromosome
8q (A) and case #1 on chromosome 17q (B). Black squares-smoothed ratios. Two vertical lines – centromeric region.
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Figure 3. Graphic view of the p-values obtained in the paired analysis where the two components (intestinal and diffuse)
were compared in each tumor.

Figure 4. Examples of ratios between diffuse and intestinal components within the same tumor (log2 ratio Diffuse – log2
ratio Intestinal). Dashed-vertical lines – transition between chromosomes.
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Figure 5. DNA copy number changes profiles of two mixed gastric cancers, one with high level of noise, (A) case #4, and
one with low level of noise, (B) case #7; intestinal and diffuse components analyzed separately. Vertical lines – transition
between chromosomes.

Discussion
DNA copy number changes have been suggested to underlie some biological processes within
tumors, such as metastisation7,4,21 and acquisition of drug resistance.39 We hypothesized that DNA
copy changes might also underlie the phenotypic divergence observed in mixed gastric carcinomas.
To address this hypothesis we studied 12 mixed gastric carcinomas by array CGH and analyzed
separately the distinct components (intestinal and diffuse) of each tumor.
In the present study, copy number changes were found on chromosomes 1, 6p, 7, 8, 10, 11,
12p, 13q, 16, 17q, 19q, 20 and 22q (gains) and 9p (losses). In 4 cases we found also amplifications,
affecting chromosomes 8pq, 12p, 15q, 17q and 20q. Mapping to these regions there are genes which
were described in literature to be amplified and/or overexpressed in gastric cancer.29,20,37,30,48,46,33,16,9
These genes include: SOX7 (8p23.1), CTSB (8p23.1), c-MYC (8q24.12-q24.13), K-RAS (12p12.1), IQGAP1
(15q26.1), ERBB2 (17q21.1), ZNF217 (20q13.2) and CYP24A1 (20q13.2). Although in some amplicons
only one gene is present, being the obvious candidate to drive the amplicon, like K-RAS on 12p12.1,
in other amplicons, where the region is larger, it is more difficult to pinpoint a single candidate
responsible for driving the amplicon, like SOX7 and/or Cathepsin B (CTSB) on 8p23.1. Also, the
amplification on 8q harbors several known genes besides c-MYC, like TRIB1 and FAM84B. Indeed
in hematological malignancies as well as in esophageal cancer some data exclude c-MYC as driving
gene in 8q amplification in favor of either TRIB132 or FAM84B.13
No statistically significant differences were found between the intestinal and diffuse components
within the same tumor samples. Based on the results we obtained we would expect that the ratio
between the two components’ ratios within the same tumor should be one, or zero in a logarithmic

111

Chapter 6
scale. In keeping with this hypothesis, when we subtracted the log2 ratios we obtained a ratio close
to zero. Our findings are in agreement with earlier observations in bladder tumors with mixed
histology, analyzed by chromosome CGH, in which a high level of concordance was found also for
samples within one tumor with different histological components.36
By CGH on 46 primary tumors, we did not find differences in copy number changes between
pure intestinal and diffuse carcinomas.41 Our results within mixed gastric carcinomas are in keeping
with these findings. These observations suggest that the mechanism underlying the intestinal and
diffuse histotypes of gastric cancer (within mixed or pure carcinomas) is not caused by DNA copy
number changes but by other biological events, like mutation and/or promoter hypermethylation,
not detectable by array CGH.
In some cases, small quantitative differences were observed in some chromosomal regions,
specifically on chromosomes 8 and 20. In those cases the genomic profile of both components was
similar but the aberrations in the intestinal component were more pronounced (higher ratios in
the gained regions and lower ratios in the lost regions) when compared to the diffuse component
(Figs 2A and 5B). Most probably, these differences are due to the higher amount of stromal cells
in the diffuse component lowering the ratio tumor/normal reference.
Although we are assuming that the copy number changes observed are cancer specific, we can
not exclude the possibility that some of these changes might represent polymorphisms, which to
some extent could contribute to similarities in the patterns of chromosomal aberrations seen in
matched samples (i.e. the intestinal and diffuse components within a single tumor).
Some of the gains and losses observed in this study were detected in regions which are consistently
altered in gastric cancer, such as losses on 9p, gains on 7, 8q, 13q, 17q and 20.34,49,18,41,20,29,11,17,28,12, 45
Other changes, such as gains on 1p, 6p, 11, 12p, 16, 19q and 22q, which were frequently detected
in our study are also described in literature, although less frequently.49,34,24,35,27 However, other
chromosomal aberrations like 18q loss, that frequently occur in gastric carcinoma, were very rare
or absent in this series of mixed gastric carcinomas.29,12 This could be explained by the small sample
size, that is a consequence of the low incidence of these lesions, although we can not rule out that
mixed gastric carcinomas may show different patterns of chromosome aberrations compared to
the pure histological types.
Kokkola and collaborators19 detected amplifications of 17q only in (pure) intestinal-type gastric
carcinomas. In our series of mixed gastric carcinomas we found in one case that both components
harbored 17q amplification, with the same clone being involved in both components (Fig. 2B). This
finding suggests a clonal origin for mixed gastric carcinomas (or at least for this tumor). According
to Machado and collaborators,23 mutations of CDH1 gene constitute the genetic basis for the
phenotypic divergence of mixed gastric carcinomas. Our results suggest that after this event, no
substantial DNA copy number changes take place.
In summary, in the analysis of 12 mixed gastric carcinomas by array CGH, we found the copy
number changes that have been consistently reported in the literature in gastric carcinomas
and, within each tumor, we found similar profiles in both components. Our results support the
idea that mixed gastric carcinomas are clonal and the phenotypic divergence is not caused by
chromosomal aberrations.
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Chapter 7

Abstract
Although most gastric cancers occur in elderly patients, a substantial number of cases of this
common disease occur in young patients. Gastric cancer is a heterogeneous disease at the genomic
level and different patterns of DNA copy number alterations are associated with different clinical
behavior. The aim of the present study was to explore differences in DNA copy number alterations
in relation to age of onset of gastric cancer.
DNA isolated from 46 paraffin-embedded gastric cancer tissue samples from 17 patients less
than 50 years of age [median 43 (21–49) years] and 29 patients greater than or equal to 70 years
of age [median 75 (70–83) years] was analyzed by genome-wide microarray comparative genomic
hybridization (array CGH) using an array of 5000 BAC clones. Patterns of DNA copy number
aberrations were analyzed by hierarchical cluster analysis of the mode-normalized and smoothed
log2 ratios of tumor to normal reference fluorescence signal intensities using TMEV software, after
which cluster membership was correlated with age group. In addition, supervised analysis was
performed using CGH Multi-array.
Hierarchical cluster analysis of the array CGH data revealed three clusters with different genomic
profiles that correlated significantly with age (p = 0.006). Cluster 1 mainly contained young patients,
while elderly patients were divided over clusters 2 and 3. Chromosome regions 11q23.3 and 19p13.3
contributed most to age-related differences in tumor profiles.
Gastric cancers of young and old patients belong to groups with different genomic profiles, which
likely reflect different pathogenic mechanisms of the disease.
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Introduction
Gastric cancer is the second leading cause of cancer death worldwide,1 affecting mainly the 50- to
70-year-old age group.2 Less than 15% of all gastric adenocarcinomas occur in adults younger than
41 years of age,3–5 but this is still a substantial number of cases.
The majority of gastric adenocarcinomas, like many other solid tumors, show defects in the
maintenance of genome stability, frequently resulting in DNA copy number alterations6,7 that
can be analyzed by (microarray-based) comparative genomic hybridization (array CGH). 8 With
this approach, we have recently demonstrated that gastric cancer is a heterogeneous disease at
the genomic level and that different patterns of DNA copy number aberrations are correlated to
differences in clinical behavior and patient outcome.9,10
Several clinicopathological features of gastric cancer have been reported in relation to age of
onset of the disease,3,4,11–14 but little is known about the association of age of onset with differences
at the chromosomal level. The present study aimed to unravel the biological differences between
young and elderly gastric cancer patients by comparing DNA copy number alterations between
gastric cancers of young (<50 years) and elderly (≥70 years) patients by array CGH.

Material and methods
Material

From a large cohort of gastric cancer patients participating in the Dutch D1/D2 trial,15 17 patients
younger than 50 years of age [median age 43 (21–49) years], nine males and eight females, and 29
patients older than 70 years [median age 75 (70–83) years], 15 males and 14 females, were included
in the present study. Twenty-seven carcinomas were of the intestinal type, 18 were diffuse-type
carcinomas, and one was unclassified according to the Laurén classification.16 An overview of patient
and tumor characteristics is shown in Table 1. The study was approved by the Institutional Review
Board and was in accordance with Dutch medical ethical guidelines.

DNA isolation

DNA was isolated from 46 paraffin-embedded gastric carcinoma tissue samples, as described
previously,17 using commercially available DNA isolation kits (QIAamp DNA mini kit; Qiagen,
Westburg, Leusden, The Netherlands and QIAamp microkit; Qiagen, Hilden, Germany). Briefly,
areas containing at least 70% tumor cells were demarcated with a marker on a 4 µm haematoxylin
and eosin (H&E)-stained tissue section. Guided by these marks, tumor tissue was scraped with
a scalpel from adjacent serial 10 µm sections and a final 4 µm ‘sandwich’ section was made and
stained with H&E, to compare with the first slide as a control. After deparaffinization, DNA was
extracted and collected in an Eppendorf tube.

Array CGH

Array CGH was performed according to Snijders et al,7 with some modifications. Briefly, 300 ng
of tumor and reference DNAs were labeled by random priming (Bioprime DNA Labeling System,
Invitrogen, Breda, The Netherlands) and hybridized to an array containing approximately 5000
clones, consisting of the Sanger BAC clone set with an average resolution along the whole genome
of 1.0 Mb (http://www.ensembl.org/Homo sapiens/cytoview), the OncoBac set (http://informa.bio.
caltech.edu/Bac_onc.html), containing approximately 600 clones corresponding to 200 cancerrelated genes, and selected clones of interest obtained from the Children’s Hospital Oakland
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Research Institute (CHORI) to fill any gaps larger than 1 Mb on chromosome 6 and to have fullcoverage contigs of regions on chromosomes 8, 11, 13, and 20. All clones were printed in triplicate
on CodelinkTM slides (Amersham BioSciences, Roosendaal, The Netherlands) at a concentration
of 1 µg/µl, in 150 mM sodium phosphate, pH 8.5, using an OmniGrid 100 microarrayer (Genomic
Solutions, Ann Arbor, MI, USA) equipped with SMP3 pins (TeleChem International, Sunnyvale, CA,
USA), and processed according to the manufacturer’s protocol. After removal of unincorporated
nucleotides with Sephadex columns (ProbeQuant G-50 Micro Columns, Amersham BioSciences),
50 µl of Cy3-labeled test genomic DNA, 50 µl of Cy5-labeled reference DNA, and 100 µg of human
Cot-1 DNA (Invitrogen) were combined and precipitated by adding 2.5 volumes of ice-cold
100% ethanol and 0.1 volume of 3 M sodium acetate (pH 5.2). The precipitate was collected by
centrifugation at 14 000 rpm for 30 min at 4°C. The pellet was dissolved in 130 µl of hybridization
mixture containing 50% formamide, 2× SCC, and 4% SDS. The DNA samples were denaturated
for 10 min at 73°C followed by a 60–120 min incubation at 37°C to allow the Cot-1 DNA to anneal
to repetitive sequences in the sample and reference DNA. The denaturated and reannealed
hybridization mixture was added to the array in a hybridization station (HybArray12TM, Perkin
Elmer Life Sciences, Zaventum, Belgium) and incubated for 38 h at 37°C. After hybridization, slides
were washed in a solution containing 50% formamide, 2× SCC, pH 7, for 3 min at 45 °C, followed by
1 min wash steps at room temperature with PN buffer (PN: 0.1 M sodium phosphate, 0.1% Nonidet
P40, pH 8), 0.2× SSC, 0.1× SCC, and 0.01× SCC.
Table 1. Patient and tumor characteristics of the 46 gastric cancers analyzed.
Patient

Gender

Type

Age

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Male
Female
Male
Male
Female
Male
Female
Male
Male
Female
Male
Male
Male
Female
Male
Male
Female
Male
Male
Female
Female
Female
Female

Diffuse
Intestinal
Intestinal
Diffuse
Diffuse
Intestinal
Intestinal
Intestinal
Intestinal
Intestinal
Diffuse
Diffuse
Intestinal
Intestinal
Intestinal
Diffuse
Unclassified
Intestinal
Intestinal
Diffuse
Intestinal
Diffuse
Diffuse

47
77
72
45
74
75
77
70
71
83
31
36
74
49
71
71
79
74
39
35
39
49
74
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Lymph node
status
Positive
Positive
Positive
Positive
Negative
Positive
Negative
Negative
Negative
Positive
Negative
Positive
Positive
Negative
Negative
Positive
Positive
Negative
Positive
Positive
Positive
Negative
Positive

Patient

Gender

Type

Age

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

Female
Male
Female
Male
Female
Male
Male
Male
Female
Male
Male
Female
Female
Female
Female
Male
Male
Female
Male
Female
Female
Female
Male

Intestinal
Diffuse
Diffuse
Intestinal
Diffuse
Intestinal
Intestinal
Intestinal
Intestinal
Diffuse
Intestinal
Intestinal
Intestinal
Diffuse
Diffuse
Diffuse
Intestinal
Intestinal
Intestinal
Diffuse
Intestinal
Diffuse
Intestinal

45
71
82
21
75
78
43
80
73
48
74
77
75
77
38
43
73
75
79
77
42
44
73

Lymph node
status
Negative
Positive
Positive
Positive
Positive
Negative
Positive
Positive
Positive
Positive
Negative
Positive
Positive
Positive
Positive
Negative
Negative
Positive
Positive
Positive
Positive
Positive
Positive
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Image acquisition, feature extraction, and normalization

Images of the arrays were scanned with the Agilent DNA Microarray scanner (Agilent Technologies,
Palo Alto, USA) and Imagene 5.6 software (Biodiscovery Ltd, Marina del Rey, CA, USA) was used
for automatic feature extraction, using default settings. A Microsoft Excel sheet was used to
subtract local background from the signal median intensities of both test and reference DNA and
to calculate the tumor to reference ratios, using the median value of the triplicate clones. Only
clones were included for which valid measurements of all three spots were obtained. Test to normal
fluorescence ratios were normalized against the mode of the ratios of all autosomal clones. Clones
with more than 20% missing values across all carcinomas were discarded, leaving 4323 clones for
further analysis. Subsequent analysis was done according to the clone position from the UCSC July
2003 freeze of the Human Golden Path (http://genome.ucsc.edu).

Profile smoothing and breakpoint detection

The program array CGH smooth was used for automated detection of breakpoints to determine
copy number gains and losses. For identifying breakpoints and for smoothing of the values of the
copy number ratios obtained by array CGH, the smoothing program uses a heuristic algorithm,
which has been described in detail by Jong et al.18,19 If a smoothed DNA copy number ratio was
above or below 0.15, a gain or loss, respectively, was considered. Amplifications were defined as
DNA copy number ratios above 1.

Microarray data analysis strategy

Array CGH data were analyzed both in an unsupervised and in a supervised manner. For
unsupervised data analysis, array CGH data of all cases were analyzed by hierarchical unsupervised
cluster analysis with TMEV software 3.0.3 (www.tigr.org/software), using the normalized and
smoothed log2 tumor to normal fluorescence ratios of all clones. The parameters complete linkage
and Euclidean distance were selected for constructing the hierarchical tree. A support tree, based
on resampling the data by leave-one-out observation, was constructed for statistical support of
the outcome of the cluster analysis. For supervised analysis, the software package CGH Multi-array
was used to convert the smoothed log2 ratios into integers for gains and losses and to calculate for
each clone a p value for the significance of difference between two categories (http://webmath.
tue.nl/mark/cgh/), based on the Wilcoxon test with ties.20

Statistical analysis

The Pearson chi-square test was used for analyzing correlations between cluster membership and
clinicopathological variables (SPSS 11.5.0 for Windows, SPSS Inc, Chicago, IL, USA). p values less
than 0.05 were considered to be significant.

Results
Genomic profiling

Hierarchical cluster analysis of the array CGH results of the 46 gastric cancers revealed three clusters
with different genomic profiles. Cluster 1 contained 12 carcinomas, from mainly young patients
(9/12), while clusters 2 and 3 contained mainly carcinomas from elderly patients, 11/15 and 15/19,
respectively (Figure 1, p = 0.006). No correlations were found between cluster membership and
other clinicopathological characteristics such as lymph node status, histological type of the tumor
(intestinal or diffuse-type carcinoma), or gender. Support tree analysis revealed 70–90% support
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for cluster 1 and 0–50% support for clusters 2 and 3.
To test whether lymph node status had any influence on the correlation of cluster membership
and age, hierarchical cluster analysis was also performed on lymph node-positive tumors only. This
revealed two clusters that correlated significantly with age (p = 0.001), with eight of ten young
patients in cluster 1, while 18 of 22 elderly patients were in cluster 2.

Frequencies of aberrations

Frequencies of chromosomal gains and losses were calculated for all carcinomas in each cluster. Of
all the carcinomas analyzed, two carcinomas, both in cluster 2, did not show DNA copy number
changes at all. Tumors in all clusters showed frequent gains on chromosomes 6p, 7, 8, 17, and 20,
and loss on chromosome 9p. In addition, gastric cancers in cluster 1 mainly showed gains on
chromosomes 1p, 10, 11, 15, and 19, and losses on chromosomes 6q and 13, while cluster 3 showed
frequent gain of chromosome 1p and loss of chromosome 11q.

Figure 1. Hierarchical cluster analysis of the array CGH data of 46 gastric carcinomas revealed three clusters. Cluster
1 contained 12 carcinomas, cluster 2 15 carcinomas, and cluster 3 19 carcinomas. Cluster 1 contained mainly young
patients (9/12), while clusters 2 and 3 contained mainly elderly patients (11/15 and 15/19, respectively). The columns
represent the different carcinomas and the rows represent the different clones used in the analysis. Only the upper part
of the cluster is shown.

Amplifications were observed in eight of 12 tumors in cluster 1, in eight of 15 tumors in cluster
2, and in eight of 19 tumors in cluster 3. The total number of amplifications in each cluster was
27, 11, and 18, respectively (p = NS). The (predominantly young) patients in cluster 1 showed
significantly more amplifications (p = 0.02) than the patients in clusters 2 and 3 combined, which
were mainly elderly patients.
In cluster 1, amplifications were seen on chromosomes 6p, 6q, 7p, 8p, 8q, 11p, 11q, 13q, 15q, 16p,
16q, 17q, 18q, and 20q. In cluster 2, amplifications occurred on chromosomes 6q, 12q, 13q, 16q,
17q, 18q, and 20q, and in cluster 3 on chromosomes 4p, 6p, 6q, 8p, 8q, 11p, 11q, 13q, 16p, and 20q.
Nine of 17 tumors of patients less than 50 years of age showed amplifications and 15 of 29 tumors
of patients greater than or equal to 70 years of age showed amplifications. The total number of
amplifications was 20 and 36, respectively (Table 2, p = NS).
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Supervised analysis using CGH Multi-array analysis

Given the fact that cluster 1 contained mainly young patients and clusters 2 and 3 mainly elderly
patients, clusters 2 and 3 were combined for further analysis to unravel biological differences
between tumors in young and elderly patients. CGH Multi-array was used to determine which clones
contributed the most to these differences by calculating p values for each clone comparing cluster 1
with clusters 2 and 3. This analysis revealed 1270 significantly different clones (p value <0.05). When
looking at the 100 most significant clones (p < 0.000001) and taking into account only regions with
at least five consecutive clones, chromosomal regions 6p21.1, 9q34.11–34.3, 11p15.5–15.4, 11q23.3,
17p13.1–13.3, 19p13.3, and 22q13.2 differed most significantly between these two groups of tumors.
The majority of tumors of cluster 1 showed gains on all these chromosomal regions, while normal
copy number status was observed in the majority of tumors in clusters 2 and 3.
Table 2. Number and chromosomal location of the amplifications observed in the 46 gastric cancers. Twenty-seven
amplifications were seen in cluster 1, 11 in cluster 2 and 18 in cluster 3. The total number of amplifications in young (<50
years) and elderly (>70 years) was 20 and 36 respectively (p=NS).
Chromosome
4p16
6p21
6q27
7p12
7p22
8p22-p23
8q24
11p12-p13
11q13
12q14
13q21
15q22-q26
16p13
16q24
17q11-q21
18q11
20q11-q13

Cluster 1
2
2
1
1
1
5
1
1
2
1
1
3
2
1
3

Cluster 2

1

Cluster 3
1
1
3

<50 years
1
2

>70 years
1
2
4
1

1
1
3
1
1
1
1

2

4
1
1
1

1
4
1
1
2

4

4
1
1
3

2
4
2
1
1
4
2
3
2
1
6

In addition, the DNA copy number ratios of young and elderly patients were compared
independently of cluster membership. In this way, CGH Multi-array revealed 318 significantly
different clones (p < 0.05). When taking into account the 100 most significantly different regions
existing of at least five consecutive clones (p < 0.004), chromosomal regions 7q21.11, 11p11.2,
11q23.3, 16q23.2–q24.1, and 19p13.3–13.2 contributed to the significant difference between these
two tumor groups. All chromosomal regions were more frequently gained in young patients, except
for chromosome 7q21.11, which was more frequently gained in elderly patients. Both approaches
(ie comparing ‘young’ and ‘old’ clusters, as well as comparing young and elderly patients) yielded
chromosomal regions 11q23.3 and 19p13.3. Putative cancer-related genes located in these regions
are listed in Table 3.
Both cluster 2 and cluster 3 contained mainly elderly patients. To unravel biological differences
between the two groups of elderly patients, cluster 2 was compared with cluster 3. CGH Multi-array
analysis revealed significant differences for three chromosomal regions: 1p34, 6p22.2 (i.e. normal
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versus gain), and 20q11 (i.e. normal versus loss).
Table 3. Putative cancer related genes located at the chromosomal regions 11q23.3 and 19p13.3-13.2 observed in both
approaches (i.e. comparing “young” and “old” clusters as well as comparing young versus elderly patients).
Chromosomal region

Genes

Description

11q23.3

BCL9L

B-cell CLL-lymphoma 9-like

FOXR1

Forkhead box R1 family of transcription factors

RNF26

Ring finger protein 26

HYOU1

Hypoxia upregulated 1

CBL

Oncogene CBL

MCAM

Melanoma adhesion molecule

UHRF1

Ubiquitin-like protein containing PHD and Ring finger domains 1

ZBTB7

Zinc finger and BTB domain containing protein 7

19p13.3-13.2

Discussion
Gastric cancer is one of the most common malignancies; it generally has a poor outcome and
occurs mainly in patients between 50 and 70 years of age.1,2 The proportion of gastric cancer
in young patients is less than 15%.3–5 Differences in clinicopathological characteristics between
gastric cancers in young and elderly patients have been the subject of several studies, but data on
genomic differences are scarce.
In the present study, gastric cancer in young and elderly patients appeared to be associated with
different DNA copy number profiles, as detected by hierarchical cluster analysis. This association
was found in the overall group as well as in the lymph node positive cases only. No other significant
association between cluster membership and clinicopathological variables was found. Although
previous studies have shown that gastric cancer in young patients is mainly of the diffuse type
according to the Laurén classification,5,14,16,21 in the present study young patients had intestinal (n
= 7) as well as diffuse carcinomas (n = 10).
Two different approaches were used to unravel age-related differences in genomic profiles of
gastric cancer. Both approaches, comparing tumors from different clusters and comparing tumors
of young and elderly patients independently of cluster membership, revealed the chromosomal
regions 11q23.3 and 19p13.3 as contributing most to differences in gastric tumor profiles in relation
to age of onset.
The chromosomal regions 11q23.3 and 19p13.3 are both frequently involved in translocations,
which have best been described for hematological malignancies. Translocations involving 11q23.3 are
frequently seen in patients with acute myeloid leukemia or myelodysplastic syndrome diagnosed at
a young age.22,23 Although not as commonly described as in hematopoietic neoplasms, cytogenetic
analysis of gastric carcinomas has identified breakpoints of 11q23.3 and 19p13.3.24,25 Ochi et al.
reported frequent involvement of breakpoints at chromosome band 19p13 in gastric cancer.24 Two
out of three of their patients were less than 50 years of age (27 and 48 years); the third patient had
an anaplastic-type carcinoma and a history of prostate carcinoma. One of the two young patients
also showed involvement of the chromosomal region 11q23. In the present study, the chromosomal
regions 11q23.3 and 19p13.3 contributed most in distinguishing gastric carcinomas in relation to
different age groups. At the chromosomal region 11q23.3, the genes FOXR1 (Forkhead box family
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of transcription factors), BCL9L (BCL9-like), HYOU1 (hypoxia upregulated 1), MCAM (melanoma
adhesion molecule), RNF26 (ring finger protein), and the oncogene CBL are located. RNF26 is a ring
finger protein, known to be up-regulated in various cancer cell lines, including gastric cancer.26
MCAM and HYOU1 are genes already known to be associated with tumor progression and the
development of metastasis in human malignant melanoma and tumor invasiveness in the breast,
respectively.27,28 Overexpression of BCL9L has been previously observed in several cancer types
including pancreatic cancer, prostate cancer, head and neck cancer, and embryonal type of nonseminoma testis, but never before in gastric cancer.29 FOXR1 belongs to a family of transcription
factors consisting of at least 43 members and it may be implicated in carcinogenesis through gene
amplification, retroviral integration, and chromosomal translocation; it can therefore play a role as
a candidate gene in gastric carcinogenesis as well.30 Expression of CBL has been described in gastric
cancer in relation to clinicopathological characteristics by Ito et al. They reported an association of
CBL expression with depth of tumor invasion, tumor stage, and lymph node metastasis.31 However,
no correlation has been reported between CBL expression and age of onset.
Next to 11q23.3, alterations on chromosome 19 showed significant different prevalences between
young and elderly patients. Interestingly, this was not amplification of the Cyclin E locus, which
has previously been described in relation to early-onset gastric cancer.32 In the present series,
frequency of gain of the chromosomal region 19p13.3 was significantly different between gastric
tumors in young and elderly patients. First of all, this region is important since it harbors the gene
STK11, which encodes a serine/threonine protein kinase, germline mutation of which causes the
Peutz–Jeghers syndrome, an autosomal dominant disorder with increased risk of multiple cancers,
including malignancies in the gastrointestinal tract.33,34 In addition, other candidate genes located
in this region are UHRF1 (ubiquitin-like protein containing PHD and ring finger domains 1) and
ZBTB7 (zinc finger and BTB domain containing protein 7). High expression levels of UHRF1 have
been found in various cancer cell lines as well as in breast carcinomas.35 Recently, UHRF has been
characterized as a key cellular growth regulator and has been suggested to be generally required
in tumor cell proliferation. High expression levels of ZBTB7, also known as FBI1 or Pokemon, have
been detected in a subset of breast, colon, prostate, and bladder carcinomas, and expression levels
of this gene have been shown to predict biological behavior and clinical outcome.37 However, so far
correlation of gene expression levels with age of onset has not been described for these genes.
For the present study, confirmation of the expression levels of these candidate genes is hampered
by the lack of fresh frozen material and/or available antibodies. Yet ample evidence exists that DNA
copy number alterations frequently affect the expression levels of the genes involved in these loci
and are directly related to biological functions.38,39
In conclusion, the present study shows, based on both unsupervised and supervised analysis of
array CGH data, that gastric cancers of young and elderly patients have different genomic profiles,
indicating different pathogenic mechanisms of the disease in young and elderly patients. These
findings may have important consequences when using genomic profiling of gastric cancers for
predicting patient outcome in a clinical setting, in which case it may prove to be necessary to
design different classifiers for young and elderly gastric cancer patients.
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Chapter 8

Abstract
Background: Gastric cancer is the second most common cause of cancer death worldwide, but
incidence and mortality rates show large variations across different countries. Variation in risk
factors between different populations, including environmental and host factors influencing gastric
cancer risk have been reported, but little is known about the biological differences between gastric
cancers from different geographic locations. We set out to study genomic instability patterns of
gastric cancers obtained from patients from Western Europe and South Africa (SA).
Material and Methods: DNA was isolated from 67 gastric adenocarcinomas, 33 Western European,
9 white SA and 25 black SA patients. Microsatellite instability and chromosomal instability were
analyzed by PCR and microarray comparative genomic hybridization, respectively. Data were
analyzed by supervised univariate and multivariate analyses as well as unsupervised hierarchical
cluster analysis.
Results: Tumors from black and white SA patients showed significantly more microsatellite instable
tumors (p<0.05). For the microsatellite stable tumors, geographical origin of the patients correlated
with cluster membership, derived from unsupervised hierarchical cluster analysis (p=0.001). Several
chromosomal alterations showed significantly different frequencies in tumors from Western
European and black SA patients, but not between Western European and white SA and between
black and white SA patients.
Conclusions: Gastric cancers from South African and Western European patients show differences
in genetic instability patterns, indicating possible different biological mechanisms underlying the
disease.
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Introduction
Gastric cancer is the second most common cause of cancer death worldwide, but incidence and
mortality rates show large variations across different countries. Japan and China show the highest
incidence rates of gastric cancers of 80-115/100,000 and 32-59/100,000 cancers respectively, while
in other Asian counties, e.g. India, Bangladesh, and Thailand, the frequencies are much lower (10.6,
1.3, and 7.1 per 100000 populations, respectively). Also within Europe, incidence and mortality rates
differ between countries. Portugal has the highest incidence rates (33.2/100,000) and countries in
Western Europe show incidence rates of 19.4 per 100,000 populations. In the Netherlands it ranks
fifth as a cause of cancer death with incidence rates of 14.6/100,000. In Africa, gastric cancer is
infrequent, with incidence rates varying between 6.9/100,000 in Northern Africa, 12.9/100,000 in
Eastern Africa, 11.9/100,000 in Southern Africa and 7.0/100,000 in Western Africa (Table 1).1-3
Table 1. Incidence rates of gastric cancers per 100,000 populations.
Japan
China
India
Bangladesh
Thailand
Portugal

Incidence rates
80-115
32-59
10.6
1.3
7.1
33.2

Netherlands
Western Europe
Northern Africa
Eastern Africa
Southern Africa
Western Africa

Incidence rates
14.6
19.4
6.9
12.9
11.9
7.0

According to the Correa model, intestinal type gastric cancers arise through a sequence of events,
starting with chronic active gastritis due to infection with Helicobacter pylori (H. pylori). This
chronic inflammatory process may lead to atrophy, intestinal metaplasia followed by dysplasia
and eventually may lead to invasive adenocarcinoma.4
The mechanism by which H. pylori contributes to gastric carcinogenesis is still largely unknown.
However, we do know that gastric cancer is the result of accumulation of (epi)genetic changes. In
gastric cancer, at least two types of genetic instability play a role. Microsatellite instability (MSI)
occurs in cancers associated with Lynch syndrome or hereditary non-polyposis colorectal cancer
(HNPCC), and in 10-15% of sporadic gastric cancers due to hMLH1 promoter hypermethylation.5,6
The majority of gastric cancers show chromosomal instability, resulting in DNA copy number
aberrations that can be analyzed in detail by high resolution array comparative genomic
hybridization (array CGH). In a previous study using chromosome based comparative genomic
hybridization (CGH) we could not identify any specific chromosomal alterations associated with
H. pylori infection.7
Infection with H. pylori is important in the etiology of gastric cancer, consequently high
incidences of gastric cancer are observed in areas with high prevalence of H. pylori infection, like
Africa and Asia. However, despite these high frequencies of H. pylori infection in Africa, gastric
cancer is infrequent in Africa, a situation also referred to as the African enigma.8,9 We hypothesize
that geographical differences in environmental factors, including infection with H. pylori, and
host factors are reflected by different biological characteristics of the tumors from those areas.
Therefore, we compared MSI status and DNA copy number profiles in gastric cancers obtained
from patients from Western Europe and South Africa.
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Material and Methods
Material

A total of 67 gastric adenocarcinomas were included in this study. Of these, 33 gastric
adenocarcinomas were obtained from Leeds (Leeds, General Infirmary, UK), and 34 gastric
adenocarcinomas were obtained from Pretoria (Prinshof Campus, Pretoria, South Africa), of which
25 were obtained from black South African patients (black SA) and 9 from white South African
patients (white SA), respectively. All gastric adenocarcinomas were classified according to the
TNM classification (5th edition) for the grading and to the Laurén classification for morphology.10
The study was approved by the Institutional Review Board and was in accordance with medical
ethical guidelines.

DNA isolation procedure

DNA was isolated from formalin-fixed and paraffin embedded material as described previously,11,12
using the QIAamp microkit (Qiagen, Hilden, Germany). DNA concentrations were measured using
a Nanodrop ND-1000 spectrophotometer (Isogen, IJsselstein, The Netherlands) and DNA quality
was assessed by isothermal amplification.13 Genomic DNA isolated from peripheral blood obtained
from eighteen healthy females was pooled to use as normal reference.

Microsatellite instability (MSI) analysis

MSI analysis was performed using the MSI Analysis System (MSI Multiplex System Version 1.1,
Promega) consisting of five nearly monomorphic mononucleotide markers (BAT-25, BAT-26, NR-21,
NR-24, MONO-27) according to the manufacturer’s instructions. PCR products were separated by
capillary electrophoresis using an ABI 3130 DNA sequencer (Applied Biosystems, Foster City, CA,
USA), and analyzed using GeneScan 3100 (Applied Biosystems, Foster City, CA, USA). An internal
lane size standard was added to the PCR samples for accurate sizing of alleles and to adjust for
run-to run variations. When all markers were stable, the tumor was interpreted as microsatellite
stable (MSS). The tumor was interpreted as MSI-low (MSI-L) if one marker was instable and MSIhigh (MSI-H) if two or more markers showed instability. MSI-L tumors were included in the MSS
category in further analysis. Due to polymorphisms14 in the South African population, black South
African tumors were classified as MSI when three or more markers were instable.

Array CGH

Array CGH was performed as described before.11,15 Briefly, 600 ng tumor and normal reference
DNAs were labeled by random priming (Bioprime DNA Labeling System, Invitrogen, Breda, The
Netherlands) and hybridized onto a BAC array containing approximately 6000 clones, consisting
of the Sanger BAC clone set with an average resolution along the whole genome of 1.0 Mb (http://
www.ensemble.org/Homo_sapiens/cytoview), the OncoBac set (http://informa.biocaltech.edu/
Bac_onc.html), containing approximately 600 clones corresponding to 200 cancer–related genes,
and selected clones of interest obtained from the Children’s Hospital Oakland Research Institute
(CHORI) to fill gaps larger than 1Mb on chromosome 6 and to have full coverage contigs of regions
on chromosome 8, 13 and 20. All clones were printed in triplicate on Nexterion slides (Schott
Nexterion, Jena, Germany). Subsequent analysis was performed according to the clone position
from the UCSC May 2004 freeze of the Human Genome Golden Path (http://genome.ucsc.edu).

Image acquisition and data analysis

Images of the arrays were acquired by scanning (Agilent DNA Microarray scanner, Agilent
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Technologies, Palo Alto, USA) and Bluefuse software version 3.4 (BlueGnome, Cambridge, UK)
was used for automatic feature extraction. Spots were excluded when the quality flag was below
1 or the confidence value was below 0.1. Log2 tumor to normal ratio was calculated for each clone
and median block normalization was used to normalize the data. Quality of array CGH profiles
was measured by calculating a median absolute deviation value of chromosome 2 (MAD2).13 Array
CGH profiles with MAD2 values >0.18 were excluded from further analysis. For determining copy
number gains and losses, the R package CGH call was used.16 Output of the CGH call analysis was
used for CGH region analysis to compress the data, using a threshold for average error rate of
0.001.17 Hierarchical cluster analysis was performed using the WECCA program, with the parameter
total linkage.18

Statistical analysis

Significance of differences for categorical variables between different categories was tested using
a chi-square test. One-way ANOVA with Bonferroni correction was used to calculate significant
differences for continuous variables between white SA, black SA, and Western European patients
(SPSS 12.0.1 for Windows, SPSS Inc, Chicago, IL, USA). P values less than 0.05 were considered to
be significant.
Supervised analysis was performed using the non-parametric Mann-Whitney two-sample test
(CGH test; http://www.few.vu.nl/~mavdwiel/). Alterations in patterns between different tumor
groups were compared using a binomial differential proportion test. The test procedure included
a permutation-based false discovery rate correction for multiple testing.19 Two-sided p values less
than 0.05 and false discovery rates below 0.15 were considered to be significant.

Results
Clinicopathological data

The mean age of the Western European gastric cancer patients was 73.3 years (range 51-96), mean
age of the white SA patients was 68.0 years (range 56-84) and the mean age of the black SA patients
was 56.5 years (range 29-79). One-way ANOVA with Bonferroni correction yielded a significant
difference between the mean age of the patients between black and white SA patients (p=0.03)
and between black SA and Western European patients (p<0.001). No significant difference was
observed between white SA and Western European patients (n.s).
There was no significant difference between patients of different geographical location and
gender, tumor stage (T-category) and lymph node stage (N-category). Western European tumors
were significantly more of the diffuse histological type compared to South African tumors (p =
0.002). Overview of patient and tumor characteristics is given in Table 2.

Microsatellite instability (MSI) analysis

Two out of nine (22%) white SA tumors were MSI, six out of 25 (24%) black SA tumors were MSI,
and one out of 33 (3%) Western European tumors was MSI. All other tumors were MSS (Table 2).
Pearson chi-square yielded a significant difference between the three different tumor groups and
MSI status (p <0.05).
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Hierarchical cluster analysis

We analyzed all gastric cancers by genome-wide array CGH analysis to unravel DNA copy number
changes in tumors from different geographical location. MSI positive gastric cancers and gastric
cancers with array CGH profiles with a MAD2 value above 0.18 were excluded for cluster analysis
leaving 56 tumors (from 32 Western European, 17 black SA and 7 white SA patients) for further
analysis.
Table 2. Tumor and patient characteristics of the 67 tumors used for MSI and array CGH analysis.
ID Gender Age Tumor type

T

N

Origin

MSI
status

ID

Gender

Age Tumor type

T

N

Origin

MSI
status

1

F

62

intestinal

T2

N1 white SA

MSS

35

F

82

2

M

73

intestinal

T2

N2 white SA

MSS

36

M

81

diffuse

T1

N0

W Eur

MSS

diffuse

T3

N2

W Eur

MSS

3

F

59

intestinal

T2

N1 white SA

MSS

37

M

71

diffuse

4

F

74

intestinal

T2

N1 white SA

MSS

38

M

73

intestinal

T2

N1

W Eur

MSS

T2

N0

W Eur

5

M

56

intestinal

T3

N1 white SA

MSI

39

F

65

diffuse

T2

MSS

N3

W Eur

MSS

6

M

57

intestinal

T2

N1 white SA

MSS

40

F

58

diffuse

T3

N3

W Eur

MSS

7

F

84

intestinal

T1

N0 white SA

MSS

41

F

51

diffuse

T3

N3

W Eur

MSS

8

F

79

intestinal

T3

N0 white SA

MSI

42

M

91

intestinal

T1

N0

W Eur

MSS

9

M

68

intestinal

T3

N2 white SA

MSS

43

M

71

diffuse

T3

N2

W Eur

MSS

10

M

65

intestinal

T2

N0 black SA

MSI

44

M

73

intestinal

T2

N1

W Eur

MSS

11

M

57

intestinal

T1

N0 black SA

MSI

45

M

64

diffuse

T2

N0

W Eur

MSS

12

F

29

intestinal

T4

N0 black SA

MSS

46

F

71

intestinal

T1

N0

W Eur

MSS

13

F

59

intestinal

T3

N1 black SA

MSS

47

F

60

intestinal

T4

N1

W Eur

MSS

14

M

66

intestinal

T2

N1 black SA

MSS

48

F

96

diffuse

T3

N0

W Eur

MSS

15

M

46

intestinal

T3

N2 black SA

MSS

49

M

91

mixed

T3

N0

W Eur

MSS

16

F

diffuse

T4

N2 black SA

MSS

50

M

81

diffuse

T2

N0

W Eur

MSS

17

M

51

intestinal

T3

N1 black SA

MSS

51

F

83

intestinal

T2

N0

W Eur

MSS

18

F

49

intestinal

T3

N1 black SA

MSS

52

F

82

intestinal

T3

N1

W Eur

MSS

19

M

56

intestinal

T3

N1 black SA

MSS

53

F

77

intestinal

T3

N1

W Eur

MSS

20

M

48

intestinal

T3

N2 black SA

MSS

54

M

74

mixed

T2

N1

W Eur

MSS

21

M

65

mixed

T3

N1 black SA

MSI

55

F

59

diffuse

T3

N1

W Eur

MSS
MSS

22

M

60

intestinal

T2

-

black SA

MSS

56

M

77

mixed

T3

N2

W Eur

23

F

63

intestinal

-

-

black SA

MSS

57

M

75

intestinal

T2

N0

W Eur

MSS

24

F

54

papillary

T2

N0 black SA

MSS

58

M

64

diffuse

T3

N3

W Eur

MSS

25

M

67

intestinal

T3

N1 black SA

MSS

59

M

71

intestinal

T3

N1

W Eur

MSS

26

M

31

intestinal

T3

N1 black SA

MSS

60

F

74

diffuse

T3

N2

W Eur

MSS

27

M

43

intestinal

T3

N1 black SA

MSI

61

M

81

intestinal

T2

N0

W Eur

MSI

28

F

71

intestinal

T3

black SA

MSS

62

F

74

mixed

T3

N2

W Eur

MSS
MSS

-

29

F

77

intestinal

T3

N1 black SA

MSS

63

M

67

mixed

T3

N1

W Eur

30

M

57

intestinal

T2

N0 black SA

MSS

64

M

73

intestinal

T3

N1

W Eur

MSS

31

M

79

intestinal

T3

N2 black SA

MSI

65

F

66

mixed

T3

N2

W Eur

MSS

32

M

57

intestinal

T4

N0 black SA

MSI

66

M

82

intestinal

T1

N1

W Eur

MSS

33

M

56

mixed

T3

N1 black SA

MSS

67

F

62

mixed

T3

N0

W Eur

MSS

34
F
49
mixed
T3 N3 black SA
MSS
F: female, M: male, T: T-stage, N: N-stage, MSS: microsatellite stable, MSI: microsatellite instable, W Eur: Western European, - :unknown.

Hierarchical cluster analysis yielded seven clusters, significantly correlated with tumors of different
geographical origin (p<0.001) (Figure 1). Clusters 1, 2 and 7 comprised of tumors from only Western
European patients. Clusters 3 and 4 comprised of tumors from Western European and black SA
patients. Cluster 5 contained only tumors from South Africa patients, and cluster 6 contained a
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mixture of tumors of all three groups (Table 3).
Western European patients showed significantly more gastric adenocarcinomas of the diffuse
type according to the Laurén classification10 compared to South African patients (p = 0.002). We
therefore repeated the cluster analysis including only intestinal type gastric carcinomas. Cluster
membership of the remaining 12 tumors from Western European patients and 12 and 7 tumors from
black SA and white SA patients, respectively, was again significantly correlated to geographical origin
of the tumor (p<0.001). Moreover, within Western European tumors, hierarchical cluster analysis
did not separate intestinal and diffuse type gastric cancers, nor were any significant differences
observed between these two tumor types with supervised analysis using CGH test.

Figure 1. Cluster analysis of 56 gastric adenocarcinomas of which 32, 17 and 7 were obtained from Western European,
black SA and white SA patients, respectively. Hierarchical cluster analysis yielded 7 clusters significantly correlated
with the different tumor groups (p<0.001). Columns represent the different tumors and rows represent the different
chromosomal regions, with chromosome 1 at the bottom and chromosome 22 at the top of the heatmap. DNA copy
number gains and losses are indicated in green and red, respectively. The yellow and blue bar next to the cluster represents
the chromosome separation.

DNA copy number changes

We first compared the number of event, which was defined as percentage of clones showing a
gain or loss. Microsatellite stable gastric cancers from Western European patients showed a higher
number of events (27% (range 2-49%)) compared to microsatellite stable cancers from white SA and
black SA patients (16% (range 3-32%) and 19% (range 3-45%), respectively; p = 0.04). Microsatellite
stable cancers from Western European, white SA and black SA patients showed 15% (range 2-28%),
12% (range 2-24%) and 13% (range 3-28%) of gained clones, respectively. There was a significant
difference in percentages of clones showing a loss between cancers from Western European and
white SA patients (12% (range 0-27%) and 4% (range 0-11%), respectively; p = 0.04) and between
cancers from Western European and black SA patients (12% (range 0-27%) and 7% (range 0-24%)
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respectively; p = 0.04).
A summary of frequencies of gains and losses of all tumors per tumor group is presented in
Figure 2. An overview of frequently altered (>30%) chromosomal regions of gains and losses per
tumor group is given in Table 4.
Table 3. Overview of the correlation between cluster membership and the tumors of different geographical origin (i.e.
Western European, black South African (SA) and white SA).

Western European
Black SA
White SA

1
7
0
0

2
6
0
0

3
2
1
0

clusters
4
4
3
0

5
0
8
5

6
5
5
2

7
8
0
0

Supervised analysis

To identify biological differences between tumors from different geographical origin, black SA
tumors were compared with Western European tumors using CGH test. Only MSS tumors were
included in the supervised analysis. In total, 133 regions, located on different chromosomes, were
significantly different (p<0.05 and fdr≤0.15) between these two tumor groups. An overview of the
significant chromosomal regions, including the fdr rates, is given in Table 5. No significant differences
were found between tumors from Western European and white SA patients and between tumors
from black and white SA patients.
Table 4. Detailed overview of frequent DNA copy number aberrations (>30%) of tumors of Western European (A), black
SA (B) and white SA (C) patients.

Table 4A.
Chromosomal aberrations
Gains

Losses

1p36.33-p36.21

Flanking clones
Start

End

Position (bp)
Start

Segment size (Mb)
End

RP11-206L10

RP4-636F13

672780

12417597

11.74

1p31.1

RP5-944F13

RP11-246O4

69815162

83112098

13.30

1p21.3-p13.3

RP11-146P11

RP5-1077K16

95695632

107389118

11.69

RP4-790G17

RP11-214H6

146971278

153444622

6.47

RP11-134C1

RP11-75C23

184717073

194242465

9.53

RP11-150l7

RP11-564A8

197877387

203602276

5.72

1q21.2-q23.1
1q31.1-q31.3
1q32.1-q32.2
3p26.3

RP11-385A18

RP11-129K1

46140

2377366

2.33

3p25.1-p24.1

RP11-255O19

RP11-99M10

15780361

30799547

15.02

3p14.2

RP11-170K19

RP11-114P15

59701329

62639806

2.94

3p12.3-p11.2

RP11-103P13

RP11-91M15

75146113

96627928

21.48
180.88

4p16.1-q35.2
5p15.33
5q11.1-q23.3

RP11-61G19

CTC-963K6

10275012

191158370

RP11-811I15

CTD-2265D9

70262

2671745

2.60

RP11-269M20

RP11-114H7

49913067

130460728

80.55

6p21.32-p21.1

RP11-79I1

RP11-121G20

33123932

44385866

11.26

7p22.3-p22.1

RP11-713A20

RP11-161C7

106471

6396697

6.29

7p11.2

RP11-449G3

RP11-34J24

54413814

55403627

0.99

7q22.1

RP11-10D8

RP11-163M5

98067793

101528379

3.46
3.65

7q36.1

RP11-89P11

RP11-43l19

147485335

151131938

7q36.3

RP11-58F7

RP11-120H14

157072238

158524109

1.45

8q24.12-q24.3

RP11-22A24

RP5-1109M23

120711365

146238749

25.53
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Table 4A. Continued
Chromosomal aberration
Gains

Losses
9p24.3-p21.1

Flanking clones
Start

End

Position (bp)
Start

Segment size (Mb)
End

RP11-48M17

RP11-141J7

2136329

32469400

30.33

RP11-205K6

RP11-424E7

126296075

138363252

12.07

10p15.3

RP11-631M21

RP11-74N14

50000

1789100

1.74

10p15.2

RP11-195B3

RP11-28E3

3293007

3338470

0.05

RP11-91A1

RP11-304P12

72033907

73573433

1.54

178227

3140168

2.96

9q33.3-q34.3

10q22.1
11p15.5-p15.4

CTC-908H22

11q12.2-q13.5
12q21.2-q22
13q11-q12.11
13q21.2-q21.33

RP11-286N22

RP11-30J7

60851860

76232373

15.38

RP1-97G4

RP11-2K12

76228586

91346299

15.12

RP11-94A1

RP11-61K9

18360157

19386914

1.03

RP11-310K10

RP11-451E2A

60721181

71574154

10.85

13q32.3

RP11-19J14

RP11-113F15

97851594

99328275

1.48

13q33.3-q34

RP11-61I17

RP11-569D9

108847725

114103243

5.26

14q12

RP11-330O19

RP11-109D12

25538832

26345513

0.81

14q21.1-q21.3

RP11-88D14

RP11-94K16

36949212

48298851

11.35

14q31.1-q31.3
14q32.31-q32.33
15q14

RP11-46l17

RP11-88N20

78630860

86772926

8.14

RP11-367F11

RP11-815P21

101467534

105159201

3.69

RP11-294M6

RP11-79A5

33841939

35953471

2.11

16p13.3

CTD-2148K8

RP11-89M4

87754

4697230

4.61

16p13.2-p13.11

RP11-475D10

RP11-489O1

8598165

15572359

6.97

16p12.1-p11.2

RP11-142A12

RP11-18H23

26595069

31443695

4.85

16q21-q22.1

RP11-52B24

RP11-394B2

63708677

69365102

5.66

16q23.3-q24.3

RP11-483P21

RP11-566K11

82361609

88613383

6.25

17p13.3-p13.1

RP11-411G7

RP11-89A15

427024

8365794

7.94

17p11.2

RP11-524F11

RP1-162E17

17343389

19251691

1.91

17q11.2-q21.31

RP11-138P22

RP11-374N3

23133763

41096064

17.96

17q21.32-q21.33

RP11-234J24

RP11-506D12

42655422

46333070

3.68

RP11-143M4

RP11-139B3

47607556

51363278

3.76

RP11-65C22

RP11-258N23

68165339

78308832

10.14

RP11-5G23

RP11-396D4

21431314

71337306

49.91

RP11-110A24

GS1-1129C9

134914

63771717

63.64

17q22-q23.2
17q24.3-q25.3
18q11.2-q23
19p13.3-q13.43
20p13-q13.33

RP11-530N10

CTB-81F12

9943

62393015

62.38

RP11-72P4

RP11-41N19

13857799

30673984

16.82

22q11.1-q11.21

RP11-81H21

RP11-586I18

14754982

18976359

4.22

22q12.3-q13.33

RP11-90I17

CTB-99K24

35686144

49397088

13.71

21q11.2-q22.11
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Table 4B.
Chromosomal aberrations
Gains

Losses

Flanking clones

Position (bp)

End

3p14.2

RP11-734E15

RP11-137N22

59105371

61252524

2.15

4q35.2

RP11-354H17

CTC-963K6

190095484

191158370

1.06

7p22.3-p11.2

Start

Segment size (Mb)

Start

End

RP11-713A20

RP11-80l24

106471

55784518

55.68

7q22.1

RP11-10D8

RP11-163M5

98067793

101528379

3.46

8q24.3

RP11-472K18

RP5-1109M23

144481535

146238749

1.76

9q33.3-q34.3

RP11-91G7

RP11-424E7

124316484

138363252

14.05

17q12-q21.31

RP11-893G17

RP11-392O1

31506328

39091575

7.59

RP1-62O9

RP11-506D12

44647598

46333070

1.69
24.30

17q21.32-q21.33
17q23.2-q25.3

RP11-579A4

RP11-258N23

54149948

78451750

19p13.3

RP11-110A24

CTC-1482H14

134914

5154803

5.02

19p13.2-p13.11

RP11-197O4

RP11-88I12

10248852

19023254

8.77

19q12-q13.34

CTC-1459F4

GS1-1129C9

32889410

63771717

30.88

20p13-q13.33

RP11-530N10

CTB-81F12

9943

62393015

62.38

Table 4C.
Chromosomal aberrations
Gains

Flanking clones

Position (bp)

Start

End

3p14.2

RP11-48E21

RP11-641C17

60380670

60705094

RP11-669J9

RP11-44A1

172392313

173855790

1.46

RP11-192D11

CTC-963K6

159886665

191158370

31.27
4.28

3q26.2-q26.31
4q32.1-q35.2
5p13.1-p12

Start

Segment size (Mb)

losses

End
0.32

RP11-17J3

RP11-55O15

40113135

44396362

7p22.3-p21.3

RP11-713A20

RP11-505D17

106471

7932634

7.83

7q22.1

RP4-550A13

RP11-333G13

98512376

101153193

2.64

8p23.1

RP11-241P12

RP11-589N15

9788949

11803111

2.01

8q22.1-q22.3

RP11-664H21

RP11-132E3

98618965

105402542

6.78

RP11-28I2

RP11-1142f3

127563658

129620230

2.06

8q24.21

RP11-165O14

RP11-91E3

5873408

9689968

3.82

9q33.3-q34.3

9p24.1-p23

RP11-62A6

RP11-424E7

124479347

138363252

13.88

11q13.3-q13.5

RP11-554A11

RP11-98G24

68509550

77008323

8.50

16p11.2

RP11-110P16

RP11-388M20

28675396

31163676

2.49

17q12-q21.1

RP5-986F12

RP11-94L15

33099924

35227135

2.13

17q25.1-q25.3

RP11-41E12

RP11-258N23

68729134

78451750

9.72
18.89

19p13.3-p13.11

RP11-110A24

RP11-88I12

134914

19023254

19q13.11-q13.43

CTC-1325L16

GS1-1129C9

37623641

63771717

26.15

20p13-q13.33

RP11-48M7

CTB-81F12

3728265

62393015

58.66
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Figure 2. Frequencies of gains and losses throughout the genome in all gastric adenocarcinomas from Western European
(A), black SA (B) and white SA (C) patients. Clones are sorted by position per chromosome (1-22). Vertical lines – transition
between chromosomes; dashed vertical lines – centromere position.
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Table 5. Detailed overview of the supervised analysis using CGH test. In total, 133 regions were significantly different
(p<0.05 and fdr≤0.15) between Western European and black SA tumors. The chromosomal regions, including the start
and end positions, and the fdr rates are listed.
Cytoband

Region start

Region end

(bp)

(bp)

p-value

fdr

Cytoband

Region start

Region end

(bp)

(bp)

p-value

fdr

1p36.33

672780

1359795

0.04

0.15

11p14.2-p14.1

27033269

27371257

0.05

0.15

1p36.32-p36.31

3386389

6294064

0.03

0.12

11q13.3

68509550

69323966

0.04

0.14

1p36.21-p36.13

12798944

15683816

0.03

0.12

11q13.3-q13.4

69314721

70472869

0.04

0.14

1p31.2

67178936

69303906

0.04

0.14

11q22.1-q22.2

98930611

101405228

0.03

0.12

1p31.1

69815162

76679895

0.01

0.06

11q22.2-q22.3

102010610

102424014

0.03

0.12

1p31.1

77428804

77820126

<0.01

0.04

12q21.2

76570565

78724263

0.04

0.14

1p21.2-p21.1

101684496

104502748

0.03

0.12

13q21.31-q21.33

61335626

69275204

0.04

0.14

1q31.1-q31.2

184717073

188976520

0.01

0.09

14q21.1

39694531

42171623

0.02

0.10

1q31.2-q31.3

189822405

193082884

0.02

0.10

14q21.2

42965408

44043547

0.01

0.09

1q31.3

193336091

194242465

0.01

0.08

14q21.2-q21.3

45258184

48298851

0.03

0.12

1q31.3

195068870

195629725

0.03

0.12

15q14

33841939

35953471

0.04

0.14

3p26.3

46140

2377366

<0.01

0.03

15q22.2

57373165

61214280

0.02

0.09

3p24.3

17181327

18148477

<0.01

0.03

15q23

65816865

68768615

0.02

0.09

3p24.3

19033520

21742232

<0.01

0.03

15q23-q24.2

69188639

73645336

0.05

0.15

3p24.3-p24.1

22747912

27531283

0.02

0.10

15q24.2-q25.2

74334873

81024206

0.03

0.12

3p21.31

46545403

47371983

0.05

0.15

16p13.2-p13.12

8777494

12522798

0.05

0.15

3p21.31

47384745

50114898

0.04

0.14

16p11.2

28675396

31163676

<0.01

0.04

3p21.31-p21.2

50533656

51418837

0.01

0.09

16q24.1

82993991

83622386

0.05

0.15

3p21.31-p21.2

51390596

52007218

0.02

0.09

16q24.1

84123856

84922042

0.02

0.09

3p21.1

52658450

53621497

0.01

0.09

16q24.2-q24.3

86986672

87452904

0.03

0.12

3p12.3

76450939

79097142

0.02

0.09

16q24.3

87848795

88465228

0.02

0.09

3p12.3-p12.2

79197544

82066233

<0.01

0.04

16q24.3

88398231

88613383

0.01

0.07

3p12.2-p12.1

82657794

84801874

<0.01

0.03

17p13.3

427024

1071560

<0.01

0.03

3p12.1-p11.2

85234579

87730259

<0.01

0.03

17p13.3-p13.2

2026966

4169913

0.04

0.14

3p11.1

88915283

89771786

<0.01

0.04

17p13.2

4810523

5166678

0.01

0.09

3q11.2

95569618

96250439

0.01

0.05

17p13.1

6780962

7477414

<0.01

0.03

3q25.1-q25.33

151508469

161536133

0.03

0.12

17p13.1

7436435

7682367

<0.01

0.03

3q25.33-q26.1

162044657

164516640

0.03

0.12

17p11.2

17343389

19251691

0.04

0.14

3q26.1

165289729

167697600

0.05

0.15

17q11.2

23133763

28423820

0.02

0.09

3q26.31-q26.32

174848631

180449332

0.05

0.15

17q11.2-q12

28664889

29147086

0.02

0.09

4p15.32-p14

17799729

36260048

0.02

0.11

17q25.1

69709369

71238958

0.01

0.09

4p14

36998587

37497326

0.01

0.09

17q25.1-q25.3

71406319

77588058

0.03

0.12

4p14

37851044

38103870

0.02

0.11

18q11.2

21431314

21774952

0.01

0.05
0.04

4p14-p12

38087293

46781512

0.01

0.09

18q11.2

22104619

22931012

<0.01

4q12

58332155

59148507

0.04

0.14

18q12.1

23970882

24526449

0.02

0.10

4q12-q13.1

59679465

62653308

0.02

0.10

18q12.1

25034674

26878315

0.01

0.08

4q13.3

74322497

76429795

0.03

0.12

18q12.1

27447009

28415095

0.01

0.09

4q13.3-q21.21

76495364

79353372

0.02

0.09

18q12.1

29409483

30219417

0.01

0.09

4q21.21

79222718

80683287

0.03

0.12

18q12.1-q12.2

30773824

31588529

0.01

0.06

4q33-q34.3

172094999

178721484

0.02

0.10

18q22.1

60340433

61310295

0.03

0.12

4q34.3

178969859

179599683

0.01

0.09

18q22.1

61623805

62645202

0.03

0.12

4q34.3

180819690

183096645

0.02

0.10

18q22.1-q22.3

63092764

68041625

0.03

0.12

4q35.1

184503994

186178296

0.03

0.12

19p13.3

134914

913289

0.01

0.08

5q11.2

50971745

52055659

0.04

0.14

19p13.3

902641

5009969

<0.01

0.04

5q11.2

52909242

56437163

0.03

0.12

19p13.3

5663923

6519297

<0.01

0.01
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Table 5. Continued.
Cytoband
5q11.2-q12.1

Region start Region end
56921490

p-value

fdr

Cytoband

58947885

0.02

0.09

19p13.3-p13.2

Region start Region end p-value
6523443

fdr

9826740

<0.01

<0.01
0.03

5q14.3

82802677

86118543

0.05

0.15

19p13.2-p13.12

10248852

15116365

<0.01

5q23.2

122463056

123527915

0.05

0.15

19p13.12-p13.11

15415833

17777501

<0.01

0.01

6983150

7932634

<0.01

0.02

19p13.11

18202507

19023254

<0.01

0.03

7p21.3-p21.2

9256088

14085902

<0.01

<0.01

19p12

19877150

21504328

0.01

0.05

7p21.2-p21.1

14342152

19957111

<0.01

0.01

19p12

22133662

22949959

0.01

0.05

7p22.1-p21.3

7q22.1

98651132

100929260

<0.01

0.03

19q12

33315121

33507712

0.02

0.10

8q24.21

130562467

131126185

0.05

0.15

19q12

34159370

34664148

0.02

0.11

8q24.22

131641447

133561490

0.01

0.09

19q12

34960906

35766560

0.02

0.11

8q24.22

134537164

136154996

0.02

0.11

19q12-q13.11

36958851

37518517

0.05

0.15

8q24.22-q24.23

136472354

138543270

0.04

0.14

19q13.12-q13.13

40883472

43004503

0.03

0.13

8q24.3

141395868

142790557

0.01

0.05

19q13.2-q13.32

46498596

50725496

0.03

0.12

8q24.3

144790054

145357620

0.01

0.09

19q13.32-q13.33

52665374

54718281

0.03

0.12

8q24.3

145585590

145953950

0.02

0.11

19q13.33-q13.43

55461670

63771717

<0.01

0.01

8q24.3

145893230

146238749

0.04

0.14

21q11.2-q21.1

13857799

18774434

<0.01

0.03

9p24.1-p23

8398601

9689968

0.04

0.14

21q21.1

20982315

21411332

<0.01

0.03

9p23

9684353

10554235

0.04

0.14

21q21.1-q21.2

22151920

22943367

<0.01

0.03

10q22.1

70824040

71674097

0.03

0.12

21q21.2

23491399

25568510

<0.01

0.01

10q22.1

72033907

73573433

0.02

0.09

21q21.3

26174732

26923374

0.02

0.09

10q26.3

135110821

135301208

0.03

0.12

21q21.3-q22.11

28596969

30855176

0.03

0.12

11p15.5

178227

626401

0.01

0.05

22q13.33

48473404

49397088

0.04

0.15

11p15.5
1299306
1785278
				

<0.01

0.03

Discussion
One of the main risk factors contributing to gastric cancer is infection with H. pylori, which causes
a chronic active gastritis.4,20 In South Africa, gastric cancer is infrequent, while the prevalence of
H. pylori infection is very high. Although differences in genotypes of H. pylori exist in different
geographic areas, this African enigma can not only be explained by differences in virulent strains of
H. pylori.21-23 High prevalence of vacA s1b strain is observed in South Africa as well as in Brazil and
Portugal, countries with high incidences of gastric cancer,24-26 and frequencies of CagA antibodies
were similar between patients with gastric neoplasia compared to healthy controls.27 Besides the
virulence of the infecting H. pylori strain, other factors influence gastric cancer risk, including
environmental factors such as diet, and host factors, such as polymorphisms, which are involved in
the inflammatory response to the infection.28,29 Knowing that the prevalence of H. pylori infection
and incidences of gastric cancers are different in South Africa and Western Europe, we aimed to
study if this would reflect in different patterns of gastric carcinogenesis.
The concept of the African enigma has been challenged since it has been suggested that the
enigma could be explained by inaccurate reporting of gastric cancer. However the incidence of
gastric cancer would have been so dramatically underestimated that it has been stated that underreporting by itself could not explain the lower frequencies of gastric cancer in African countries.30
Also, when using the proportional frequency of gastric cancer compared to other cancer types in
Africa, gastric cancer incidence remains very low.8 Another criticism on the African enigma has
been the high prevalence of HIV infection. A relatively large part of the African population would
die of HIV before the age in which gastric cancer becomes more frequent. However, the low gastric
cancer incidence in Africa was described before the HIV epidemic.
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South African patients showed significantly more microsatellite instable gastric cancers compared to
Western European patients. Also at the level of chromosomal instability clear differences were found,
reflected by a significant correlation between cluster membership and geographical tumor origin,
i.e. Western European, black SA and white SA. Microsatellite instable gastric cancers are described
to have fewer chromosomal aberrations compared to microsatellite stable gastric cancers.31,32 To rule
out that tumors from South African patients cluster together by hierarchical cluster analysis due to
the fact that these tumors show higher frequencies of microsatellite instability, only microsatellite
stable gastric cancers were included in the hierarchical cluster analysis.
Not much has been reported about microsatellite status in gastric cancers from African patients.
One study reported infrequent microsatellite instable gastric cancers in South African patients33
which is in contrast with our findings which show a higher frequency of microsatellite instability
in gastric cancers from South African patients compared to West European patients. Based on the
present data, MSI does play an important role in gastric carcinogenesis in South Africa.
Several chromosomal aberrations are common the three different tumor groups analyzed,
including gains of chromosomes 7, 8q, 9q, 17q, 19 and 20 and losses of 3p and 4q, while other
chromosomal changes are specific for each tumor group, indicating different patterns of
chromosomal instabilities in gastric cancers correlating to geographical origin of the patient. The
chromosomal aberrations of the Western European tumors are comparable to other array CGH
studies analyzing Western European tumors.11,34-36 To the best of our knowledge, this is the first array
CGH study on gastric cancers from South African patients. Since several chromosomal regions are
significantly different between gastric cancers from different geographical origin, and each region
comprises multiple genes, further studies are needed to pinpoint candidate genes contributing to
the differences in genomic profiles.
The higher frequency of diffuse gastric cancers from Western European patients compared
to the South African patients in the present study could be considered as a confounding factor.
Contradicting results have been published either describing different or similar patterns of DNA
copy number aberrations between intestinal and diffuse type gastric cancers.7,32,36-38 In the context
of the present study we believe that the differences in DNA copy number aberrations between
Western European and South African gastric cancers are independent of the histological tumor
type. When repeating the cluster analysis with intestinal type carcinomas only, cluster membership
again was significantly correlated with geographical origin of the tumors. Also supervised data
analysis, i.e. testing copy number status of all genomic loci, did not reveal any significant differences
in DNA copy number changes between intestinal and diffuse gastric cancers from Western European
patients. Furthermore, hierarchical cluster analysis including Western European gastric cancers
only did not separate intestinal and diffuse type gastric cancers. We therefore do not believe our
findings to be influences by distribution of histological types in this series.
Further, with respect to copy number changes in relation to histological types, chromosomal
gains of 8q and 17q and losses of 3p have been described to be associated with intestinal type gastric
cancers.32 On the other hand, gains of 8q and 17q have been reported to be altered predominantly in
diffuse type gastric cancers.37 In the present study gains on chromosomes 8q and 17q and losses on
3p were common to both intestinal and diffuse type gastric cancers. In addition, these aberrations
also were common in tumors from both Western European and South African patients. Gains on
chromosomes 13q and 19q have been found more frequently in diffuse type gastric cancers.32,35,37
Again, in the present study, gains of these chromosomes were observed equally in intestinal and
diffuse gastric cancers. Gain of 19q was frequently observed in tumors from both geographical
origins. Although gain of 13q was observed less frequently in tumors from South African patients
compared to tumors from Western European patients, still around 20-25% of the tumors of black
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SA patients show a gain of chromosome 13q, making it unlikely that tumor type has influenced
cluster membership (Figure 2, Table 4).
A limitation of the present study is the fact that black SA gastric cancer patients were significantly
younger compared to white SA and Western European gastric cancer patients. We previously
showed that gastric cancers of young and elderly patients have different patterns of chromosomal
aberrations.11 We cannot rule out that also in these series, age might contribute to differences in
DNA copy number profiles, however cluster analysis showed that gastric cancers from black SA
patients were more similar to cancers from white SA patients, who have similar age as Western
European patients, indicating that cluster membership is independent of age in this respect. Overall,
most differences were observed between Western European and black SA tumors.
The patterns of genomic alterations in gastric cancers from Western European and South
African patients could gain clinical relevance in the future. In addition to surgery, gastric cancer
treatment increasingly includes (neo)adjuvant chemotherapy and/or radiotherapy, however still
without patients being stratified based on biological characteristics of their tumors. Clinical trials
are underway in which also the value of genetic markers for predicting response to therapy are
studied. In the end, stratification for therapy may include genomic alterations observed in tumors
of patients from different geographical origin.
In summary, we showed that gastric cancers of Western European and South African patients are
different in their patterns of genomic instability. Gastric cancers from South African patients show
higher frequencies of microsatellite instability and different patterns of chromosomal aberrations
compared to gastric cancers from Western European patients. These results suggest different
molecular pathways of gastric carcinogenesis, consistent with the African enigma hypothesis.
Further studies are needed to explore the link between H. pylori and other environmental factors,
as well as host factors such as polymorphisms influencing gastric cancer susceptibility in relation
to the patterns of genomic instability in gastric cancers from these different geographic areas.
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Abstract
Introduction: To improve clinical outcome of gastric cancer patients, most emphasis is on improving
therapeutic regimens, including more extensive surgery as well as (neo)adjuvant chemotherapy. The
present study set out to identify, based on genome wide DNA copy number profiling, subgroups
of patients, who are not likely to benefit from intensified therapy.
Material and Methods: DNA of 206 gastric cancer patients was isolated and analyzed by genome
wide array comparative genomic hybridization. DNA copy number profiles were evaluated and
correlated to lymph node status and survival.
Results: Frequent (>20%) DNA copy number gains were observed on chromosomes 1p, 6p, 7p,
7q, 8q, 11q, 12q, 13q, 16p, 16q, 17q, 19p, 19q, 20p, 20q, 21q and 22q, and losses on chromosomes
4p, 4q, 6p, 6q, 9p, 13q and 21q. Lymph node negative gastric cancers showed significantly more
losses on chromosomes 5q11.2-q35.1, 10q11.23-q21.3 and 14q32.11-q32.33. In addition, losses on
5q11.2-q31.3 and 14q32.11-q32.33 were highly correlated to good clinical outcome, in both lymph
node negative and positive gastric cancer patients
Conclusion: By genome wide DNA copy number profiling we have identified a subgroup of gastric
cancers, marked by losses on chromosomes 5q11.2-q31.3 and 14q32.11-q32.33 that have an excellent
clinical outcome after surgery alone, and patients with these tumors are unlikely to benefit from
additional intensified therapies. Possible biological mechanisms might involve loss of heat shock
proteins located at these chromosomal regions.
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Introduction
Despite declining incidences of gastric cancer, it still is the second most common cause of cancer
deaths world wide.1 In the Netherlands it ranks fifth as a cause of cancer deaths, with over 2000
new cases each year.2 Surgery is the only possible curative treatment, but the results of gastrectomy
depend on the stage of the disease. For improving clinical outcome of gastric cancer patients, most
emphasis is on improving therapeutic regimens, including more extensive surgery as well as (neo)
adjuvant chemotherapy, or even chemoradiotherapy.3 For instance, previous studies have compared
surgery with limited lymph node dissection (D1) versus extended lymph node dissection (D2).4,5
The results after 10 years of follow-up of the Dutch Gastric Cancer D1/D2 Trial, in which gastric
cancer patients were randomly assigned to undergo limited or extended lymph node dissection,
showed survival benefit only for patients with N2 disease (7-15 metastatic regional lymph nodes).6
Morbidity and mortality were largely influenced by the extent of the lymph node dissection, e.g.
including pancreatectomy and splenectomy. Thus, extended lymph node dissection may be of
benefit for a subgroup of gastric cancer patients. The difficulty remains to identify patients who
have N2 disease prior to surgery. Currently, N classification can only be concluded postoperatively
after histological examination.
Use of molecular markers has been described to identify subgroups of tumors with different
clinical behavior. Altered expression of several genes has been described to be associated with
lymph node metastasis in gastric cancer. These include CD44, p27kip1, Bax, VEGF, nm23, TNFRSF6B
and several matrix metalloproteinases (MMPs).7-16 In addition, genome wide gene expression
approaches have been performed in order to detect a genetic signature correlated with lymph
node status.17,18 However, for clinical applications, DNA based biomarkers might be more suitable
than RNA based ones. DNA copy number changes are only attributable to the tumor cells, while
RNA expression profiles may also reflect expression of genes in tumor stroma and inflammatory
cells and gene expression profiles may be influenced by stress response. Additionally, DNA is more
stable and therefore easier to work with in routine laboratory practice, while RNA expression of
genes can be more easily affected due to differences in handling procedures of the tissue samples.19
These factors may contribute to larger variations in gene expression, making it more difficult to
propose biomarkers useful as clinical test. Moreover, DNA biomarkers can be more reliably obtained
from formalin-fixed and paraffin-embedded tissue samples, which in many instances is the only
material available, than RNA biomarkers.
Previously, in a pilot study, we have found DNA copy number profiles of gastric cancers to be
correlated to clinical outcome.20 We now performed array CGH on a large series of primary gastric
cancers to identify DNA copy number changes correlated to clinical outcome and identify subgroups
of patients that would be eligible for alternative therapeutic approaches.

Material and Methods
Material

In total, 206 gastric adenocarcinoma tissue samples were included in this study. Of these, 122 were
randomly selected from the Dutch D1/D2 trial4 and 84 were randomly selected from the archives
if the University of Leeds (Leeds, General Infirmary, UK). Patients did not receive (neo)adjuvant
chemotherapy nor radiotherapy. An overview of clinicopathological data of the patients included
in the study is given in Table 1. The study was approved by the Institutional Review Board and was
in accordance with medical ethical guidelines.
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Table 1. Clinicopathological data of the 206 gastric adenocarcinoma patients
Variable
Gender
Age
Histological type

MSI status

T-status

N-status
M-status
R status

Male
Female
Mean (range)
Intestinal
Diffuse
Mixed
MSS
MSI
Unknown
pT1
pT2
pT3
pT4
Negative
Positive
M0
M1
R0
R1

Number (%)
121 (58.7%)
85 (41.3%)
65.44 (21-88)
125 (60.7%)
56 (27.2%)
25 (12.1%)
185 (89.8%)
17 (8.3%)
4 (1.9%)
27 (13.1%)
90 (43.7%)
83 (40.3%)
6 (2.9%)
63 (27.2%)
87 (37.5%)
198 (86.2%)
8 (3.9%)
175 (85.0%)
31 (15.0%)

DNA isolation

DNA isolation was performed as described before, using commercially available DNA isolation
kits (QIAamp DNA minikit; Qiagen, Westburg, Leusden, The Netherlands, and QIAamp microkit;
Qiagen, Hilden, Germany).21,22 Briefly, areas containing at least 70% tumor cells were marked on a
4 µm section stained with haematoxylin and eosin. Adjacent serial sections of 10 µm were cut and
tumor tissue was macrodisected using a needle. DNA was isolated after an overnight incubation
at 37°C with sodium thiocyanate (1M) and poteinase K treatment. DNA concentrations were
measured on a Nanodrop ND-1000 spectrophotometer (Isogen, IJsselstein, The Netherlands). DNA
quality was assessed by isothermal amplification as described before.23

Array-CGH procedure

Array CGH is performed as described previously21,24 on a BAC array comprising a series of 3000
BAC clones with approximately 1Mb resolution genome wide and additional clones for areas on
chromosomes 6, 8q, 11, 13q and 20q giving in total approximately 5000 BAC or PAC clones. Details of
the BAC array platform and the labeling and hybridization procedures have been described before.21
Image analysis and feature extraction was performed using BlueFuse 3.4 software (BlueGnome,
Cambridge, UK). Spots with a BlueFuse quality flag below 1 or with a confidence level below 0.1
were excluded from further analysis. For each spot, the tumor to normal fluorescence ratio was
calculated and normalized against the mode of the ratios of all autosomes. Clones were mapped
according to the positions from the UCSC May 2004 freeze of the Human Golden Path. Array CGH
profiles with a median absolute deviation of chromosome 2 (MAD2) >0.18, as a measure of signal
variation, were excluded from further analysis.23
DNA copy number gains and losses were defined using the R package CGH call.25 CGH region
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analysis was used to compress the data, using a threshold for average error rate of 0.001.26 High
level amplifications were defined when two or more consecutive clones showed log2 tumor to
normal ratios above 1.

MSI analysis

MSI analysis was performed using the MSI Analysis System (MSI Multiplex System Version 1.1,
Promega) consisting of five nearly monomorphic mononucleotide markers (BAT-25, BAT-26, NR-21,
NR-24, MONO-27). Separation of PCR products was performed by capillary electrophoresis using an
ABI 3130 DNA sequencer (Applied Biosystems, Foster City, CA, USA) and analysis was performed
using GeneScan 3100 (Applied Biosystems, Foster City, CA, USA). An internal lane size standard
was added to the PCR samples for accurate sizing of alleles and to adjust for run-to run variations.
When all markers were stable, the tumor was interpreted as microsatellite stable (MSS). The tumor
was interpreted as MSI-low (MSI-L) when one marker was instable and as MSI-high (MSI-H) when
two or more markers showed instability. MSI-L tumors were classified as MSS in further analysis.

Statistical analysis

Box plots and cross tables were used for descriptive statistics of continuous and categorical variables,
respectively. For calculating significance of differences in copy number ratios of chromosomal
regions between lymph node positive and negative gastric cancers, CGH test was used including
a Wilcoxon-Mann-Whitney two-sample test (http://www.few.vu.nl/~mavdwiel/). Clones with p
values less than 0.05 and false discovery rates (fdr) below 0.20 were considered to be significant.
Significance of differences for continuous variables between two categories was tested using the
Mann-Whitney U test. Significant differences for categorical variables between two categories
were tested using a chi-square test. Univariate survival analysis was performed using the KaplanMeier method, using the survival length starting from the day of surgery of the primary tumor to
the date of death due to gastric cancer (event) or to the last day of clinical follow-up (censored).
Differences in survival lengths were analyzed using the log rank test. For determining hazard ratios
(HR) and for multivariate survival analysis, Cox regression was used. All standard statistical analyses
were conducted with SPSS 14.0 for Windows (SPSS Inc. Chicago, IL, USA). P-values below 0.05 were
considered to be significant.

Results
DNA copy number aberrations in gastric cancers

Of the 206 gastric cancers analyzed by array CGH, 23 showed a MAD2 value ≥ 0.18 and were excluded
for further analysis, leaving 183 gastric cancers (110 from the Dutch D1/D2 trial and 73 from the
archives of the University of Leeds) for the analysis of DNA copy number aberrations. The mean
percentage of clones showing a gain or a loss was 19.4% (0-56.8%), with 12.7% (0-30.3%) gains and
6.7% (0-27.4%) losses. The highest frequency of aberrations (>20%) were gains on chromosomes 1p,
6p, 7p, 7q, 8q, 11q, 13q, 16p, 16q, 17q, 19p, 19q, 20p, 20q, 21q and 22q, and losses on chromosomes
4p, 4q, 6p, 6q, 9p, 13q and 21q (Table 2). An overview of all gains and losses is shown in Figure 1.
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Figure 1. Frequencies of gains and losses throughout the genome in all analyzed tumors (n=183) with a MAD2 value
<0.18. Clones are sorted by position per chromosome (1-22). Vertical lines – transition between chromosomes; Dashedvertical lines – centromere position.

Of the 183 gastric cancers with a MAD2 value <0.18, 118 cancers (64.5%) showed high level
amplifications. The mean number of amplifications per tumor was 2.0 (0-21). No differences
in T-stage, N-stage, M-stage and survival were observed between cancers with or without
amplifications (p=ns). Also after excluding patients with distant metastasis at time of operation (M1)
and whose tumor resections margins were not free of tumor cells after microscopical evaluation
(R1) patients, leaving 152 patients, no significant differences were observed between patients with
tumors with or without amplifications present (p=ns).
Of the 183 gastric cancers, microsatellite status was obtained in 181 cancers. Sixteen cancers were
microsatellite instable (MSI) (8.8%) and 165 (91.1%) were microsatellite stable (MSS). No differences
in T-stage, N-stage and survival were observed between MSS and MSI gastric cancers (p=ns). Also
after excluding M1 and R1 patients, no significant differences were observed (p=ns).

Lymph node negative gastric cancers show losses of chromosomes 5q, 10q and 14q at
higher frequencies compared to lymph node negative gastric cancers

For these 183 cases, significant better survival was observed in patients with lymph node negative
gastric cancers compared to lymph node positive gastric cancer patients (p<0.001; log rank 24.8;
HR 3.86; Figure 2). No differences were observed in gender, age and histological type of the tumor
between the two tumor groups. Tumor stage (T-stage) was significantly correlated with lymph node
status (p<0.001). After excluding M1 and R1 patients, results were similar. Lymph node negative
gastric cancer patients had a significantly better survival compared to lymph node positive gastric
cancer patients (p<0.001; log rank 23.9; HR 4.63), and lymph node status significantly correlated
to T-stage (p<0.001).

152

Subset of gastric cancers with good clinical outcome
Table 2. Frequent (>20%) gains and losses in the 183 gastric cancers analyzed by array CGH with a MAD2 value <0.18.
Gains
Chromosome
position
1p36.33-p34.1

Flanking clones
BAC start
BAC end
RP11-465B22
RP4-534D1

45.23

6p21.32-p21.1

RP11-79j17

11.69

RP11-79f13

Mb

7p22.3-p11.2
7q11.21-q11.23
7q21.2-q22.1
7q36.3
8q22.1-q22.3
8q23.3-q24.3

CTB-164D18
RP4-756H11
RP5-1084H12
RP5-1015O24
RP11-483D2
RP11-536K17

RP11-10F11
RP4-562A11
RP5-1059M17
CTB-3K23
RP11-310H18
CTC-489D14

56.26
11.32
10.02
3.51
9.82
28.75

11q13.2-q13.4

RP11-554A11

RP11-31L22

3.92

13q22.1
13q34
16p13.3
16q24.1-q24.3
17q12-q21.33
17q25.1-q25.3
19p13.3-q13.43
20p13-q13.33

RP11-309H15
RP11-480K16
RP11-344L6
RP11-478M13
RP11-445F12
RP11-478P5
CTD-3113P16
CTB-106I1

RP11-33P2
RP11-245B11
RP11-35P16
CTB-121I4
RP11-506D12
RP11-567O16
GS1-1129C9
CTB-81F12

0.34
1.74
4.43
4.17
13.98
8.60
63.42
62.21

21q22.3
22q11.1-q13.33

RP1-265B9
XX-p8708

CTB-63H24
CTB-99K24

5.21
33.78

Losses
Chromosome
position

Flanking clones
BAC start
BAC end

4p15.33-q35.2

RP11-22A3

CTC-963K6

178.60

6p12.1-q21
6q21-q22.1

RP3-422B11
RP11-28l24

RP11-47e20
RP11-171j20

48.33
5.80

9p24.3-p13.3

GS1-41L13

RP11-37F22

34.97

13q21.1-q21.2
13q21.2-q21.33

RP11-339I24
RP11-196P2

RP11-524F1
RP11-184L18

0.72
9.98

21q11.2-q21.3

RP11-193B6

RP11-1021H16

13.45

Mb

There was no significant difference in the mean percentages of events, gains and losses between
lymph node positive and negative gastric cancers. The mean percentage of events was 19.8% (0%48.3%) with 12.4% (0-29.5%) gains and 7.4% (0-26.8%) losses for the lymph node negative gastric
cancers and 19.3 (0.2-56.8%), 12.9 (0-30.3%) and 6.4 (0-27.4%) for the lymph node positive gastric
cancers, respectively (p=ns). Twenty-one out of 55 (38.2%) lymph node negative gastric cancers
did not show any amplification and 44 out of 128 (34.4%) lymph node positive gastric cancers did
not show amplifications (p=ns). The mean number of amplifications for lymph node negative and
positive gastric cancers was 1.9 (0-10) and 2.0 (0-21), respectively (p=ns).
Univariate analysis with correction for multiple comparisons by CGH test yielded 18 chromosomal
regions significantly different between lymph node positive and negative gastric cancers. Of these
regions 13 were located on chromosome 5q11-q35.1, three on chromosome 10q11.23-q21.3 and
two on chromosome 14q32.11-q32.33. All regions showed significantly more losses in lymph node
negative gastric cancers compared to lymph node positive gastric cancers. A detailed overview
of the significantly different regions including the p-values and false discovery rates is shown in
Table 3.
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Extensive unsupervised (hierarchical cluster analysis by means of WECCA 27 and supervised
(prediction analysis for microarrays (PAM) and in house developed dedicated algorithms)
multivariate analysis were unable to identify clinically relevant subgroups or generate a multivariate
classifier for prediction of outcome (data not shown).
Figure 2. Kaplan Meier survival

plot of 55 patients with lymph
node positive gastric cancers
and 128 patients with lymph node
negative gastric cancers. Patients
without lymph node metastasis
have a significant better disease
free survival compared to patients
with lymph node positive gastric
cancers (p<0.001). 0: lymph node
negative gastric cancers; 1 lymph
node positive gastric cancers; Cum
survival: cumulative survival.

Table 3. Overview of the chromosomal regions in genomic order that show significant differences in DNA copy number
between lymph node positive and negative gastric cancers, analyzed by CGH test (http://www.few.vu.nl/~mavdwiel/).
The chromosomal regions including the p-values, false discovery (fdr) rates and percentages of lymph node negative (N0)
and positive (N1) gastric cancers showing a loss of each region are shown.
Region
5q11.2
5q11.2-q12.1
5q12.1-q13.1
5q13.2-q13.3
5q14.1-q14.2
5q14.3
5q14.3-q21.1
5q21.2-q23.2
5q31.1-q31.3
5q31.3-q32
5q32
5q33.1-q34
5q35.1
10q11.23-q21.1
10q21.1-q21.2
10q21.2-q21.3
14q32.11-q32.12
14q32.13-q32.33
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Mb
3.24
4.74
5.75
5.06
4.37
0.08
10.18
19.47
3.54
2.11
3.09
13.20
0.47
2.62
0.72
3.03
1.48
12.23

p-value
0.02
0.02
0.01
0.02
0.02
0.00
0.00
0.00
0.01
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.02
0.01

fdr
0.17
0.17
0.17
0.17
0.17
0.07
0.01
0.01
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17

% loss N0
10.9
10.9
14.5
14.5
14.5
20.0
23.6
21.8
10.9
10.9
10.9
10.9
10.9
16.4
16.4
16.4
9.1
16.4

% loss N1
1.6
1.6
2.3
3.1
3.1
3.9
3.1
3.1
0.8
1.6
1.6
1.6
1.6
4.7
3.9
3.9
0.8
3.9
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Losses on chromosome 5q and 14q correlate to better survival of the patients

For the analysis of the association of the chromosomal losses listed in Table 3 to survival, patients
with M1 and R1 disease were excluded leaving 152 patients. Of the 18 chromosomal regions,
loss of 11, i.e. 5q11.2, 5q11.2-q12.1, 5q12.1-q13.1, 5q13.2-q13.1, 5q14.1-q14.2, 5q14.3, 15q14.3-q21.1,
5q21.2-q23.2 and 5q31.1-q31.3 on chromosome 5q and 14q32.11-q32.12 and 14q32.13-q32.33 on
chromosome 14q, was also correlated to better patient outcome (Figure 3).
Patients with gastric cancers showing a loss of anyone out of these 11 regions had a significantly
better survival compared to patients without any loss of one of these regions (p=0.002; log rank
9.78; HR 0.19) (Figure 4). This group makes up 14% of gastric cancers analyzed. When comparing
the 22 gastric cancers with loss on one of these regions compared to the 130 cancers without a loss
of any of these regions, 16 out of 22 (73%) were lymph node negative gastric cancers and six out
of 22 (27%) were lymph node positive gastric cancers (Chi-square p<0.001). Multivariate analysis
revealed this variable (i.e. loss of anyone out of the eleven chromosomal regions in addition to
lymph node status to have independent prognostic value (p<0.05; HR 0.31 and p<0.001; HR 3.83
for loss of one of the regions and lymph node status, respectively).
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Figure 3. Kaplan Meier survival curves of the nine
chromosomal regions on chromosome 5q11.2-q31.1
(A-I) and the two regions on chromosome
14q21.11-q32.22 (J-K). Patients with a gastric cancer
with a loss of one of these chromosomal regions have
a significantly better survival compared to patients
without a loss of the chromosomal regions. Cum
survival: cumulative survival; 0: no loss; 1: loss.

Figure 4. Kaplan Meier survival curve. Patients

with gastric cancers harboring loss of one of the
11 chromosomal regions have significantly better
survival compared to patients with gastric cancers
without loss of one of the 11 chromosomal regions
(p=0.002; log rank = 9.78; HR 0.19). Cum survival:
cumulative survival; 0: no loss; 1: loss.
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Discussion
Gastric cancer is usually detected in a late stage of the disease, when the tumor has already spread
to the lymph nodes, resulting in a high mortality of gastric cancer world wide. One approach to
reduce death from gastric cancer is secondary prevention, aiming to detect tumors in a curable
stage. In high prevalence countries like Japan, screening programs are in place and mortality rates
are lower than in e.g. Western countries.28-30 In areas with lower incidences, like Western Europe,
population screening, at this moment, is not an option, and strategies to reduce death rates from
gastric cancer mainly focus on improving therapeutic strategies. In practice this means more
extensive surgery and/or (neo)adjuvant chemotherapy or chemoradiotherapy. Basically these
therapeutic regimens largely follow the one size fits all principle. However, increased intensity
therapies also hold increased risks of morbidity and even mortality, and subgroups of gastric
cancers may exist that will have little benefit from these intensified therapeutic approaches, but
on the contrary actually will experience more harm. The present study set out to identify, based
on genome wide DNA copy number profiling, such subgroups of patients, who are not likely to
benefit from intensified therapy.
First, we generated a summary of gains and losses from a large series of 206 primary gastric cancers
to obtain a general overview of gastric cancer profiles. In the resulting 183 cases with good quality
array CGH data, the most frequently observed aberrations were gains on chromosomes 1p, 6p, 7p,
7q, 8q, 11q, 12q, 13q, 16p, 16q, 17q, 19p, 19q, 20p, 20q, 21q and 22q, and losses on chromosomes 4p,
4q, 6p, 6q, 9p, 13q and 21q. This is consistent with previous array CGH analysis.21,31-34 The general
pattern of DNA copy number aberrations was similar between lymph node positive and negative
gastric cancers. In addition, the number of high level amplifications was similar between gastric
cancers with and without lymph node metastasis.
Previous studies have also reported losses of 18q and gains of 20q to be correlated to lymph
node status and survival.34-36 In the present study, when only looking at chromosome 20q, indeed
a significantly higher percentage of lymph node positive gastric cancers showed gain of this
chromosome arm compared to lymph node negative gastric cancers (88% versus 73%, respectively;
p = 0.009), but after correcting for multiple comparisons by CGH test, this significance disappeared.
No significant differences were observed for losses of chromosome 18q between lymph node
positive and negative gastric cancers (13% versus 20%, respectively; p=ns) (data not shown).
Certain specific chromosomal regions, however, located within 5q11.2-q35.1, 10q11.23-21.3
and 14q32.11-q32.33, did occur with significantly different frequencies between lymph node
positive and negative gastric cancers, albeit that frequencies were relatively low. In addition to the
correlation to lymph node status, loss of 11 regions located within 5q11.2-q31.3 and two regions
within 14q32.11-q32.33 were also highly correlated to clinical outcome. Patients with losses of
at least one of these 11 regions showed a much better survival (p=0.002; log rank 9.78; HR 0.19).
Therefore array CGH analysis of this large series of gastric cancers has revealed a particular subgroup
of gastric cancers with an excellent clinical behavior. Although this subgroup is relatively small,
i.e. 14%, this is by no means irrelevant given the high incidence of gastric cancer. For instance, MSI
positive colorectal cancers and basal type breast cancers have comparable frequencies and are
considered highly relevant subgroups, and diagnostically these tumor phenotypes have therapeutic
implications.37-40
Question is of course how these DNA copy number changes affect gene expression in a relatively
indolent phenotype. Losses of chromosome 14q32.2 have been shown to correlate with better
survival in patients with non-small cell lung cancer (NSCLC).41 HSP90AA1 (HSP90), a chaperone
heat shock protein, located on this region, stabilizes several oncogenes and was shown to be the
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only gene with reduced expression in cancers affected by loss of this region.41,42 Moreover, inhibition
of HSP90 has been shown to downregulate the oncogenes EGFR and HER-2 in gastric cancer cells
and to inhibit angiogenesis, tumor growth and tumor cell invasiveness.43 In the present study, loss
of 14q32.2 in gastric cancer might have resulted in reduced expression of HSP90, in turn leading to
decreased tumor growth and invasion, possibly explaining the higher frequencies of loss of 14q32
in lymph node negative gastric cancers and the significant correlation of this chromosomal region
to better survival of the patients. This hypothesis is currently under investigation.
Chromosomal losses of regions on 5q have been associated to better prognosis in ovarian serous
carcinoma patients.44 In the present study several regions with 5q12-q35.1 were correlated to better
prognosis. Interestingly, two other heat shock proteins, HSPA4 and HSPA9 are located within this
region, on 5q31.1 and 5q31.2, respectively. Both proteins belong to the HSP70 family which act as
chaperones and play a role in protection from apoptosis. Inactivation of HSP70 has been shown to
activate apoptosis.45,46 Loss of chromosome 5q11.2-q35.1 could have resulted in increased apoptosis
of the gastric cancer cells by inactivation of the normal HSP70 protein function, possibly explaining
the lower frequency of lymph node metastasis and better patient outcome.
Patients with gastric cancers with loss of at least one of the two chromosomal regions harboring
the heat shock proteins, i.e. 5q31.1-q31.3 and 14q32.13-q32.33, had significantly better survival
compared to patients without loss of one of these regions (p=0.01; log rank 6.63; HR 0.12; Figure
5).

Figure 5. Kaplan Meier survival curve.
Patients with gastric cancers harboring loss
of one of the chromosomal regions harboring
the heat shock proteins (HSPregions), i.e.
5q31.1-q31.3 and 14q32.13-q32.33, have
significantly better survival compared to
patients with gastric cancers without loss
of one of these regions (p=0.01; log rank =
6.63). Cum survival: cumulative survival; 0:
no loss; 1: loss.

HSP90 has been effectively targeted and anti-HSP90 drugs have recently been produced.
Investigations of these drugs as cancer therapeutic seem promising in clinical trials Other HSP
proteins, including HSP70, have not yet been effectively targeted but seem promising.46-48
In conclusion, by genome wide DNA copy number profiling we have identified a subgroup of
gastric cancers, marked by losses on chromosomes 5q11.2-q31.3 and 14q32.11-q32.33 that have
an excellent clinical outcome after surgery alone, and patients with these tumors are unlikely to
benefit from additional intensified therapies.
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Abstract
Background: DNA copy number gains of chromosomes 8q, 13q and 20q are frequently observed
in gastric cancers. Moreover gain of chromosome 20q has been associated with lymph node
metastasis. The aim of this study was to correlate DNA copy number changes of individual genes
on chromosomes 8q, 13q and 20q in gastric adenocarcinomas to clinicopathological data.
Methods: DNA isolated from 63 paraffin-embedded gastric adenocarcinoma tissue samples was
analyzed by whole-genome microarray comparative genomic hybridization using a 6K BAC array
and by Multiplex Ligation-dependent Probe Amplification (MLPA), targeting 58 individual genes
on chromosomes 8, 13 and 20, respectively.
Results: Using array CGH, gains on 8q, 13q and 20q were observed in 49 (77.8%), 25 (39.7%) and 49
(77.8%) of the gastric adenocarcinomas, respectively. Gain of chromosome 20q was significantly
correlated with lymph node metastases (p = 0.05) and histological type (p = 0.02). MLPA revealed
several genes to be frequently gained in DNA copy number. The oncogene c-MYC was gained in 73%
of the cancers, while FOXO1A and ATP7B on 13q were both gained in 28.6% of the cases. Multiple
genes on chromosome 20q showed gains in more than 60% of the cancers. DNA copy number
gain of TNFRSF6B (20q13.3) and ZNF217 (20q13.2) were significantly associated with lymph node
metastasis (p = 0.02) and histological type (p = 0.02), respectively.
Conclusion: Gains of chromosomes 8q, 13q and 20q in gastric adenocarcinomas harbor DNA copy
number gains of important known and putative oncogenes of which ZNF217 and TNFRSF6B are
associated with important clinicopathological variables.
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Introduction
Gastric cancer is a major health problem and ranks second as a cause of cancer death worldwide.1
The only possible curative treatment is complete surgical resection. One of the hallmarks of solid
cancers, including gastric cancer, is chromosomal instability leading to gains and losses of parts of,
or even whole chromosomes.2 The mechanisms underlying this instability phenotype in gastric
cancers are still poorly understood. Patterns of DNA copy number aberrations can be analyzed by
array comparative genomic hybridization (array CGH). Gains of chromosomes 3q, 7p, 7q, 8q, 13q, 17q
and 20q and losses of chromosomes 4q, 5q, 6q, 9p, 17p and 18q have been consistently described
in gastric cancer studies using CGH or array CGH analysis.3-11 In addition, gains of chromosomes
7q, 8q, 9q, 11q, 13q and 20q and losses of chromosomes 4p, 5q, 6, 9p, 17p and 18q can already be
detected in gastric cancer precursor lesions with direct malignant potential, indicating these are
early events in the pathogenesis of gastric cancer.12-16 Results from array CGH studies have shown
that patterns of chromosomal aberrations can be correlated with clinicopathological variables. In
previous studies we have shown different patterns of chromosomal instability to correlate with
lymph node status and with age of onset of the disease.17,18
DNA copy number gains of chromosomes 8, 13 and 20 have been described to play an
important role in colorectal adenoma to carcinoma progression.19,20 Also in gastric adenomas and
adenocarcinomas, gains of these chromosomes have frequently been detected, indicating the
importance of genetic events on these chromosomes for gastric cancer pathogenesis. Moreover,
gain of chromosome 20q has been described to correlate with lymph node metastasis in gastric
cancer, and poor clinical outcome in colorectal cancer.3,21,22 The most widely used array CGH
platforms so far use spotted bacterial artificial chromosomes (BACs), which means that the probe
sequences on the arrays cover up to 1kb of DNA. This approach is very suitable for detecting patterns
of DNA copy number changes but has limitations in pinpointing individual genes whose normal
function is disrupted due to these chromosomal aberrations. Multiplex ligation-dependent Probe
amplification (MLPA)23 allows to determine in a single experiment DNA copy number ratios of up
to 40 individual genes and can be used to zoom in on chromosomal areas that show aberrations
with array CGH.24,25 The aim of the present study is a detailed analysis of DNA copy number changes
of individual genes within gained areas on chromosomes 8, 13 and 20 in gastric adenocarcinomas
and to correlate gene specific alterations to clinicopathological data.

Material and Methods
Material and DNA isolation

DNA of 63 formalin-fixed and paraffin-embedded (FFPE) gastric adenocarcinomas, of which 53
were obtained from Leeds (Leeds University Hospital, UK) and 10 were obtained from the Dutch
D1/D2 trial,26 was isolated as previously described17 using a commercial available DNA isolation
kit (QIAmp DNA microkit, Qiagen, Hilden, Germany). Briefly, areas of at least 70% tumor cells
were demarcated on a 4 µm haematoxylin and eosin (H&E)-stained tissue section. Adjacent
serial sections of 10 µm were cut and after deparaffination, the tumor tissue was macrodissected
using a needle. After an overnight incubation with sodium thiocyanate (1M) at 37ºC, followed by
proteinase K treatment, DNA was extracted. DNA concentrations were measured on a Nanodrop
ND-1000 spectrophotometer (Isogen, IJsselstein, The Netherlands) and DNA quality was assessed by
isothermal amplification as previously described.27 Only DNA of excellent, good and intermediate
quality was used for further analysis.
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DNA labeling and array comparative genomic hybridization (array CGH)

DNA labeling and array CGH were performed as previously described.17,28 In short, tumor and
normal DNA was differentially labeled using random priming (Bioprime DNA Labeling System,
Invitrogen, Breda, The Netherlands) and hybridized on a BAC array containing approximately 5000
clones printed in triplicate. After hybridization, images of the arrays were acquired by scanning
(Microaray scanner G2505B, Agilent technologies, Palo Alto, USA) and spot analysis and quality
control were automatically performed using BlueFuse 3.4 software (BlueGnome, Cambridge, United
Kingdom). When the BlueFuse quality flag was below 1 or the confidence value was below 0.1, spots
were excluded from further analysis. The log2 tumor to normal fluorescence ratio was calculated
for each spot and normalized against the mode of the ratios of all autosomes. The package CGH
call was used for data segmentation and defining copy number gains and losses of each clone in
the array CGH profile.29

Multiplex Ligation-dependent Probe Amplification (MLPA)

MLPA was performed as previously described24 using two different probe mixes. One probe mix
contained 38 probes representing 31 different genes on chromosome 20 and 10 control probes
located on chromosomes 2, 3, 4, 5, 12 and 16. The second probemix contained 11 probes on
chromosome 8, 12 probes on chromosome 13, 16 probes on chromosome 20 representing 14
different genes and 8 control probes located on chromosomes 2, 4, 12 and 16. Some genes on
chromosome 20 are present in both probe mixes, leaving 35 different genes on chromosome 20 by
combining these two probe mixes. DNA of the cell line HT29, showing a gain on chromosomes 8,
13 and 20, was used as positive control. A human pool of DNA isolated from blood of 36 healthy
individuals and a pool of DNA isolated of 30 normal gastric and colon mucosa, spleen, liver and
kidney tissue samples (FFPE), were used as normal controls.
Of each sample approximately 100 ng of DNA in a volume of 5 ul was denaturated at 98ºC for 5
minutes. A mixture of 1.5 µl salsa probes (1-4 fmol of each short synthetic probe oligonucleotide
and each phage M13-derived long probe oligonucleotide in TE (10 mM Tris-HCl pH 8.2, 1 mM
EDTA) and 1.5 µl MLPA buffer (1.5 M KCl, 300 mM Tris-HCL, pH 8.5, 1 mM EDTA) was added. The
mixture was heated for 1 minute at 95ºC followed by 16 hours incubation at 60ºC to allow the MLPA
hemipobes to hybridize. Next, 32 µl ligase-65 mixture (dilution buffer containing 2.6 mM MgCl2, 5
mM Tris-HCL pH 8.5, 0.013% non-ionic detergents, 0.2 mM NAD, and 1 U Ligase-65 enzyme) was
added to each sample for ligation of hybridized hemiprobes during a 10-15 minutes incubation at
54ºC, followed by a 5 minute incubation at 98ºC to inactivate the ligase.
PCR was performed with 10 µl polymerase mixture containing the PCR primers (10 pmol), dNTPs
(2.5 nmol) and 2.5 U Taq polymerase (promega), 4 µl PCR buffer (2.6 mM MgCl2, 5 mM Tris-HCl pH
8.5, 0.013% non-ionic detergents, 0.2 mM NAD), 26 µl water and 10 µl MLPA ligation reaction.

MLPA data analysis

Analysis of the MLPA PCR products for each gene was performed on an ABI 3100 capillary sequencer
(Applied Biosystems, Warrington, United Kingdom) in a mixture of 8.5 µl deionised formamide
(Applied Biosystems, Warrington, United Kingdom), 1 µl PCR product and 0.5 µl marker including
a ROX-labeled internal size standard (ROX-500 Genescan; Applied Biosystems, Warrington, United
Kingdom). Data analysis was performed using the MLPAnalyzer version 8.0 (http://www.mlpa.com/
coffalyser/).30 For each tumor, peak heights for every probe were derived from the ABI output and
median peak heights of at least two different ligation reactions and three different PCR reactions
was calculated. For each sample, tumor to normal DNA copy number ratios were calculated per
probe by dividing the median peak heights in the tumor tissue by the median peak heights peak in
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the reference DNA. All ratios were normalized by setting the median of the tumor to reference DNA
copy number ratios of the control genes in the probe mixture to 1.0. When multiple probes were
present for one gene, the mean value of the probes was calculated and used for further analysis.
Tumor to normal ratios below 0.7 and above 1.3 was considered as a loss or gain, respectively.
TMEV software 3.1 (http://www.tigr.org/) was used to present descriptive data.

Statistical analysis

Box and scatter plots were used to present descriptive statistics. Chi-square test was used to evaluate
associations of DNA copy number gain of chromosomes 8q, 13q and 20q with clinicopathological
variables. T-test was used to evaluate differences in DNA copy number aberrations and age of
the patients. Mann-Whitney U test and Kruskal-Wallis H test were used to evaluate differences
in DNA copy number changes of each gene between lymph node status and histological tumor
type according to the Laurén classification,31 respectively. Correlation coefficients between the log2
ratios for the array CGH and MLPA analysis were obtained by Spearman correlation (SPSS 12.0.1
for Windows, SPSS Inc. Chicago, IL, USA). A threshold of 0.05 for significance was used.

Results
Array CGH analysis and correlation with lymph node status and histological type

Of the 63 gastric adenocarcinomas analyzed by array CGH, 49 (77.8%) showed gains on chromosome
8, 25 (39.7%) showed gains on chromosome 13, and 49 (77.8%) showed gains on chromosome 20.
Concurrent gains of chromosomes 8 and 13, 8 and 20 and 13 and 20 were observed in 4 (6.3%), 24
(38.1%) and 3 (4.8%) of the gastric adenocarinomas, respectively. Concurrent gains of chromosomes
8, 13 and 20 were observed in 17 (27%) gastric adenocarcinomas. Gain of chromosome 20q was
significantly correlated with lymph node status (p = 0.05) and histological type of the tumor (p
= 0.02), being more common in lymph node positive gastric cancers (85%) than in lymph node
negative gastric cancers (64%) and more common in intestinal type (87%) and mixed type (88%)
gastric cancers then in diffuse type (53%) gastric cancers. No significant correlation was found
between 20q gain and age and gender of the patients and tumor size. No correlation of 8q gain
or 13q gain with clinicopathological variables was found (n.s.). An overview of the frequencies of
copy number gains on chromosomes 8q, 13q and 20q detected by array CGH analysis is given in
table 1. An overview of patient and tumor characteristics is given in table 2.

MLPA analysis of DNA copy number aberrations and correlation with lymph node
status and histological type

All 63 gastric adenocarcinomas analyzed by array CGH were analyzed by MLPA. An overview of
the DNA copy number ratios of all individual genes on chromosomes 8, 13 and 20 in all tumor
samples is presented as a heatmap in figure 1.
Gains of genes on chromosome 8q were observed in 9.5%-73.0% of the gastric adenocarcinomas,
with the highest frequencies of gains observed in c-MYC (73.0%). Gains of genes on chromosome
13q were detected in 11.1%-28.6%, with the highest frequencies of gains observed in FOXO1A and
ATP7B (both 28.6%). Frequent DNA copy number gains of multiple genes on chromosome 20q
was observed. Gain of TOP1, PTPN1, CYP24A1 and GATA5 was observed in more than 60% of the
gastric adenocarcinomas and gain of BCL2L1, MYBL2, STX16, and GNAS was observed in more than
70% of the gastric adenocarcinomas. When correlating gene-specific copy number status to lymph
node status, EIF3S6 (p = 0.04), located on chromosome 8q22 and TNFRSF6B (p = 0.02), located on
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chromosome 20q13.3, were significantly different between lymph node positive and negative gastric
adenocarcinomas. Although Mann-Whitney U test yielded a significant difference in copy number
of the gene EIF3S6 between lymph node positive and negative gastric adenocarcinomas, mean copy
number ratio of both carcinoma groups were within the normal copy number range (DNA copy
number ratio between 0.7 and 1.3). Lymph node positive gastric adenocarcinomas showed gain
(DNA copy number ratio >1.3) of TNFRSF6B while lymph node negative gastric adenocarcinomas
showed normal copy number ratios of this gene (Figure 2). When correlating gene-specific copy
number ratio to histological tumor type, Kruskall-Wallis H test yielded 5 significant genes. Mean
copy number ratios of FBXO25 (p = 0.01), located on 8p23.3, RASL11A (p = 0.03), located on 13q12.2
and CDX2 (p = 0.03), located on 13q12, were within the normal copy number range for all three
tumor types. Mean copy number ratio of ZNF217 (p = 0.02), located on 20q13.2, showed gain in
intestinal and mixed histological gastric cancer types versus normal in the diffuse histological types
(Figure 3). STX16 (p = 0.03), located on 20q13.32, showed mean copy number gain in all three tumor
types, but higher mean copy number ratios in the intestinal and mixed types of gastric carcinomas
compared to diffuse type gastric carcinomas (1.90, 2.03, and 1.47, respectively). A detailed overview
of the frequencies of gains per gene and mean copy number ratio per tumor group i.e. lymph node
positive versus negative gastric adenocarcinomas and intestinal versus diffuse versus mixed type
gastric carcinomas are given in table 3.

Figure 1. Heatmap of DNA copy number ratios of 11 genes on chromosome 8, 12 genes on chromosome 13 and 35
genes on chromosome 20. The columns represent different gastric adenocarcinomas and the rows represent the different
genes. Darker squares indicate higher DNA copy number ratios.
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Table 1. An overview of DNA copy number gains of chromosomes 8q, 13q and 20q detected by array CGH in 63 gastric
adenocarcinomas, and the correlation to lymph node status and histological type of the tumor.
Chromosome Status

8q
13q
20q
8q+13q+20q
8q+13q

13q+20q

Lymph node status
LN0

LN1

n=63

n=22

n=41

gain

49 (77.8%)

18 (81.8%)

31 (75.6%)

no gain

14 (22.2%)

4 (18.2%)

10 (24.4%)

gain

25 (39.7%)

10 (45.5%)

15 (36.6%)

no gain

38 (60.3%)

12 (54.5%)

26 (63.4%)

gain

49 (77.8%)

14 (63.6%)

35 (85.4%)

no gain

14 (22.2%)

8 (36.4%)

6 (14.6%)

gain

17 (27.0%)

6 (27.2%)

11 (26.8%)

no gain

46 (73.0%)

16 (72.7%)

30 (73.2)

gain
no gain

8q+20q

All cases

4 (6.3%)

3 (13.6%)

1 (2.4%)

59 (93.7%)

19 (86.4%)

40 (97.6%)

gain

24 (38.1%)

8 (36.4%)

16 (39.0%)

no gain

39 (61.9%)

14 (63.6%)

25 (61.0%)

gain
no gain

3 (4.8%)

0 (0.0%)

3 (7.3%)

60 (95.2%)

22 (100.0%)

38 (92.7%)

Histological type
p-value
0.57
0.49
0.048
0.97
0.082
0.84
0.19

intestinal

diffuse

mixed

n=38

n=17

n=8

29 (76.3%)

13 (76.5%)

7 (87.5%)

9 (23.7%)

4 (23.5%)

1 (12.5%)

19 (50.0%)

4 (23.5%)

2 (25.0%)

19 (50.0%)

13 (76.5%)

6 (75.0%)

33 (86.8%)

9 (52.9%)

7 (87.5%)

5 (13.2%)

8 (47.1%)

1 (12.5%)

13 (34.2%)

2 (11.8%)

2 (25.0%)

25 (65.8%)

15 (88.2%)

6 (75.0%)

2 (5.3%)

2 (11.8%)

0 (0.0%)

36 (94.7%)

15 (88.2%)

8 (100.0%)

14 (36.8%)

6 (35.3%)

4 (50.0%)

24 (63.2%)

11 (64.7%)

4 (50.0%)

3 (7.9%)

0 (0.0%)

0 (0.0%)

35 (92.1%)

17 (100.0%)

8 (100.0%)

p-value
0.78
0.12
0.016
0.22
0.48
0.76
0.36

Figure 2. Box plot of DNA copy number

ratios of the gene TNFRFS6B between
lymph node negative and positive gastric
adenocarcinomas. The central box covers
the middle 50% of the data values,
between the upper and lower quartiles.
The line across the box indicates the
median. The whiskers extend from the
box to the minimum and maximum
values with the exception of outliers,
which are marked by circles.
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Table 2. Overview of patient and tumor characteristics of the 63 gastric adenocarcinomas analyzed in the study.
Tumor
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Gender Age Histological
T
N
Tumor Gender Age
type
status status
ID
Female 78
Intestinal
T3
N1
33
Male
75
Female 81
Diffuse
T3
N1
34
Male
61
Female 54
Intestinal
T2
N0
35
Female 82
Male
73
Intestinal
T3
N1
36
Male
74
Male
81
Mixed
T2
N2
37
Female 87
Male
58
Intestinal
T2
N1
38
Female 78
Female 72
Intestinal
T2
N0
39
Male
78
Male
86
Intestinal
T2
N2
40
Female 84
Male
71
Intestinal
T3
N0
41
Male
85
Female 75
Intestinal
T4
N1
42
Male
62
Female 75
Intestinal
T3
N2
43
Male
68
Male
64
Mixed
T3
N1
44
Male
58
Male
81
Intestinal
T2
N2
45
Male
61
Male
63
Intestinal
T2
N0
46
Female 58
Male
63
Intestinal
T3
N1
47
Male
81
Male
68
Mixed
T2
N0
48
Female 65
Female 72
Intestinal
T2
N1
49
Female 65
Male
73
Intestinal
T2
N2
50
Male
82
Male
71
Intestinal
T3
N2
51
Female 74
Female 67
Intestinal
T2
N0
52
Male
72
Male
67
Diffuse
T3
N1
53
Female 60
Female 64
Intestinal
T3
N2
54
Male
47
Female 72
Diffuse
T3
N2
55
Female 74
Male
74
Intestinal
T2
N1
56
Male
65
Male
58
Intestinal
T3
N3
57
Female 49
Male
71
Intestinal
T1
N0
58
Male
74
Female 68
Mixed
T3
N1
59
Male
58
Male
74
Intestinal
T2
N0
60
Male
53
Male
57
Mixed
T3
N1
61
Male
61
Male
69
Diffuse
T3
N1
62
Male
69
Male
67
Intestinal
T2
N0
63
Male
56
Female 71
Intestinal
T2
N1

Correlation of copy number status of MLPA and array CGH

Histological
T
N
type
status status
Intestinal
T2
N3
Intestinal
T3
N3
Diffuse
T3
N1
Mixed
T2
N1
Diffuse
T3
N2
Intestinal
T1
N0
Diffuse
T2
N0
Intestinal
T2
N0
Diffuse
T3
N2
Diffuse
T3
N3
Intestinal
T3
N1
Intestinal
T4
N1
Diffuse
T3
N1
Intestinal
T3
N1
Intestinal
T3
N1
Intestinal
T2
N1
Intestinal
T2
N1
Intestinal
T1
N0
Mixed
T1
N0
Diffuse
T3
N2
Diffuse
T3
N0
Diffuse
T2
N0
Diffuse
T2
N0
Mixed
T2
N2
Intestinal
T1
N0
Intestinal
T1
N0
Intestinal
T1
N0
Diffuse
T2
N0
Diffuse
T2
N1
Diffuse
T2
N1
Intestinal
T2
N0

The BAC clones RP4-583P15 and RP4-724E16 comprised the location of the TNFRSF6B and ZNF217
genes, respectively. To evaluate the correlation between the array CGH and MLPA data, the MLPA
DNA copy number ratios were transformed to a log2 scale. Spearman correlation yielded a significant
correlation between array CGH and MLPA data for both TNFRSF6B (r = 0.57; p<0.001; Figure 4A)
and ZNF217 (r = 0.51; p<0.001; Figure 4B).
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Figure 3. Box plot of DNA copy number
ratios of the gene ZNF217 between
intestinal, diffuse and mixed type gastric
adenocarcinomas.

Figure 4. Scatter plots of the log2 ratios of the BAC clone and MLPA probe of the TNFRFS6B (A) and ZNF217 (B) genes.
A significant correlation was detected for both genes (p<0.001; r=0.57 and r=0.51, respectively).
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Location

8p23.3

8q11

8q13.3

8q21

8q21.3

8q22

8q24.12

8q24

8q24.3

8q24

8q24.3

13q11

13q11

13q12.2

13q12

13q12

13q12.2

13q12.3

13q14.1

13q14.11

13q14.2

13q14.2

13q21.32

20p13-p12.2

20pter-p12

20p12.1-p11.23

20p12-cen

20p11.22-p11.1

Gene

FBO25

MOS

EYA1

TPD52

RAD54B

EIF3S6

MYC

WISP1

KCNK9

PTK2

PTP4A3

PSPC1

ZNF198

RASL11A

CDX2

FLT3

FLT1

BRCA2

FOXO1A

EPSTI1

RB1

ATP7B

DACH

ZCCHC3

PCNA

JAG1

THBD

KIAA0980
42.9%

31.7%

42.9%

17.5%

38.1%

20.6%

28.6%

14.3%

17.5%

28.6%

22.2%

20.6%

12.7%

22.2%

11.1%

20.6%

22.2%

33.3%

47.6%

34.9%

36.5%

73.0%

28.6%

34.9%

25.4%

9.5%

39.7%

1.6%

Gains

1.17 (0.70-1.76)

1.04 (0.48-1.79)

1.24 (0.69-2.05)

1.09 (0.48-1.65)

1.19 (0.81-1.82)

1.13 (0.82-1.42)

1.15 (0.77-1.45)

1.12 (0.72-1.87)

1.51 (1.02-6.32)

1.18 (0.80-1.58)

1.15 (0.53-1.85)

1.10 (0.85-1.42)

1.04 (0.65-2.23)

1.09 (0.70-2.11)

1.09 (0.87-1.35)

1.05 (0.38-2.17)

1.12 (0.65-1.48)

1.37 (0.62-5.02)

1.40 (0.96-3.47)

1.16 (0.59-2.92)

1.26 (0.79-1.68)

1.75 (0.95-3.22)

1.27 (0.85-1.82)

1.33 (0.88-2.29)

1.26 (0.67-1.98)

1.08 (0.55-2.07)

1.20 (0.78-2.02)

1.04 (0.68-1.46)

LN negative

1.31 (0.84-2.73)

1.26 (0.71-3.81)

1.29 (0.85-2.13)

1.01 (0.45-1.61)

1.28 (0.94-2.29)

1.13 (0.62-1.72)

1.21 (0.90-1.99)

1.04 (0.60-1.97)

1.21 (0.62-2.20)

1.19 (0.79-1.59)

1.22 (0.91-2.62)

1.13 (0.67-1.85)

1.05 (0.65-1.70)

1.19 (0.67-2.09)

1.10 (0.61-1.66)

1.08 (0.55-2.04)

1.18 (0.71-1.75)

1.23 (0.63-2.24)

1.29 (0.83-1.97)

1.24 (0.58-1.90)

1.26 (0.51-2.08)

1.76 (0.90-5.81)

1.12 (0.64-1.74)

1.22 (0.90-2.06)

1.15 (0.68-1.59)

0.96 (0.65-1.35)

1.31 (0.73-1.96)

0.97 (0.48-1.26)

LN positive

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

0.04

n.s.

n.s.

n.s.

n.s.

n.s.

p-value

1.32 (0.70-2.73)

1.25 (0.48-3.81)

1.31 (0.69-2.13)

1.02 (0.45-1.65)

1.26 (0.81-2.29)

1.15 (0.62-1.72)

1.24 (0.91-1.99)

1.06 (0.69-1.89)

1.30 (0.94-2.20)

1.20 (0.79-1.59)

1.23 (0.83-2.26)

1.17 (0.77-1.85)

1.08 (0.69-2.23)

1.21 (0.76-2.11)

1.15 (0.84-1.66)

1.08 (0.55-2.04)

1.20 (0.89-1.75)

1.27 (0.86-2.20)

1.33 (0.83-1.86)

1.22 (0.77-1.90)

1.28 (0.51-1.88)

1.74 (0.94-3.22)

1.19 (0.74-2.82)

1.20 (0.90-2.29)

1.20 (0.90-1.98)

1.01 (0.66-2.07)

1.34 (0.92-2.02)

0.98 (0.48-1.46)

Intestinal

1.12 (0.77-1.55)

1.07 (0.60-1.66)

1.17 (0.85-1.68)

1.06 (0.64-1.50)

1.21 (0.91-1.92)

1.15 (0.88-1.42)

1.14 (0.86-1.53)

1.13 (0.60-1.97)

1.17 (0.62-1.68)

1.15 (0.80-1.45)

1.17 (0.93-1.85)

1.09 (0.82-1.48)

1.05 (0.71-1.55)

1.14 ( 0.70-1.73)

1.08 (0.75-1.52)

1.15 (0.74-2.17)

1.15 (0.82-1.48)

1.18 (0.62-2.24)

1.25 (0.91-1.97)

1.11 (0.59-1.87)

1.20 (0.79-1.64)

1.74 (0.90-5.81)

1.13 (0.64-1.70)

1.20 (0.88-2.06)

1.22 (0.96-1.74)

1.05 (0.75-1.64)

1.15 (0.77-1.71)

1.08 (0.48-1.46)

Diffuse

i.e. lymph node (LN) positive versus negative gastric adenocarcinomas and intestinal versus diffuse versus mixed type gastric adenocarcinomas.

1.29 (0.92-1.76)

1.10 (0.74-1.34)

1.31 (0.97-2.05)

1.06 (0.48-1.61)

1.27 (0.94-1.96)

1.05 (0.71-1.36)

1.05 (0.77-1.42)

1.01 (0.72-1.55)

1.70 (0.90-6.32)

1.18 (0.89-1.46)

1.08 (0.53-1.31)

0.98 (0.67-1.34)

0.87 (0.56-1.51)

0.91 (0.67-1.30)

0.93 (0.61-1.15)

0.88 (0.38-1.41)

1.01 (0.65-1.51)

1.55 (0.63-5.02)

1.51 (0.63-5.02)

1.37 (0.58-2.92)

1.27 (0.79-2.08)

1.84 (1.03-2.74)

1.18 (0.76-1.59)

1.19 (0.90-1.59)

1.04 (0.67-1.59)

0.86 (0.55-1.25)

1.23 (0.73-1.96)

0.87 (0.63-1.29)

Mixed

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

0.03

0.03

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

0.01

p-value

Table 3. A detailed overview of the frequencies of DNA copy number gains per gene, determined by MLPA analysis and mean DNA copy number ratio, and range, per tumor group
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p-value
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
0.02
n.s.
n.s.
0.03
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

Mixed
1.24 (0.75-1.79)
1.51 (1.19-1.98)
1.32 (1.00-1.73)
1.21 (0.97-1.75)
1.28 (0.93-1.69)
1.51 (0.94-2.60)
1.17 (0.83-1.54)
1.47 (0.95-2.31)
1.48 (1.02-2.12)
1.27 (0.91-1.91)
1.67 (0.94-2.69)
1.62 (0.95-2.65)
1.22 (0.74-1.80)
1.40 (0.95-2.03)
1.27 (0.87-1.81)
1.43 (1.11-1.82)
1.57 (1.04-2.54)
1.45 (0.83-2.50)
1.50 (1.15-2.09)
1.47 (1.05-2.19)
1.52 (0.96-2.27)
2.03 (1.09-5.05)
2.12 (1.16-4.99)
1.40 (0.83-2.09)
1.36 (0.82-2.13)
1.48 (0.55-2.59)
1.82 (0.62-4.15)
1.60 (0.95-3.54)
1.24 (0.85-1.65)
1.38 (0.67-2.70)

Diffuse
1.08 (0.60-1.51)
1.31 (0.97-1.76)
1.15 (0.66-1.62)
1.13 (0.80-1.57)
1.16 (0.73-1.58)
1.20 (0.54-1.74)
1.12 (0.84-1.53)
1.21 (0.80-1.72)
1.22 ( 0.71-1.67)
1.16 (0.69-1.78)
1.29 (0.85-1.72)
1.34 (0.58-2.51)
1.08 (0.53-1.74)
1.18 (0.78-1.69)
1.18 (0.76-1.72)
1.25 (0.94-1.60)
1.32 (0.96-1.82)
1.27 (0.65-2.09)
1.27 (0.96-1.82)
1.29 (0.85-1.88)
1.26 (0.80-1.91)
1.47 (0.91-2.62)
1.48 (0.87-2.26)
1.21 (0.42-2.18)
1.25 (0.58-2.01)
1.13 (0.52-1.85)
1.38 (0.60-2.46)
1.24 (0.65-1.74)
1.13 (0.67-1.87)
1.08 (0.51-1.57)

Intestinal
1.29 (0.42-2.43)
1.50 (1.10-2.44)
1.48 (0.77-3.33)
1.28 (0.58-2.35)
1.40 (0.71-3.12)
1.42 (0.43-2.55)
1.15 (0.70-1.78)
1.37 (0.82-2.26)
1.51 (0.88-2.70)
1.36 (0.47-2.65)
1.57 (1.00-2.78)
1.79 (0.58-3.83)
1.32 (0.42-2.24)
1.37 (0.82-2.62)
1.38 (0.81-2.37)
1.37 (0.85-2.65)
1.55 (0.85-2.76)
1.61 (0.63-5.60)
2.06 (1.05-10.09)
2.03 (0.80-12.17)
1.92 (0.85-0.16)
1.90 (1.11-3.95)
2.02 (0.94-7.97)
1.39 (0.41-2.52)
1.41 (0.67-3.21)
1.27 (0.43-2.08)
1.54 (0.63-4.12)
1.30 (0.80-2.38)
1.29 (0.56-2.86)
1.18 (0.49-2.28)

p-value
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
0.02
n.s.
n.s.
n.s.
n.s.
n.s.

LN positive
1.24 (0.75-2.21)
1.45 (1.04-2.44)
1.41 (0.80-3.33)
1.21 (0.71-2.35)
1.37 (0.90-3.12)
1.42 (0.72-2.60)
1.14 (0.70-1.78)
1.33 (0.93-2.26)
1.45 (0.77-2.70)
1.30 (0.55-2.65)
1.47 (0.88-2.40)
1.73 (0.70-3.83)
1.28 (0.67-2.24)
1.33 (0.78-2.62)
1.33 (0.87-2.37)
1.32 (0.88-2.54)
1.51 (0.87-2.62)
1.60 (0.77-5.50)
1.79 (0.96-10.09)
1.94-0.95-12.17)
1.81 (0.80-9.16)
1.81 (0.95-3.95)
1.82 (0.87-4.68)
1.41 (0.63-2.20)
1.45 (0.82-3.21)
1.30 (0.43-2.08)
1.58 (0.62-4.12)
1.34 (0.80-2.38)
1.30 (0.67-2.86)
1.19 (0.62-2.28)

LN negative
1.19 (0.42-2.43)
1.44(0.97-1.98)
1.29 (0.66-2.25)
1.26 (0.58-2.22)
1.23 (0.71-2.27)
1.29 (0.43-2.26)
1.16 (0.84-1.78)
1.35 (0.80-2.31)
1.38 (0.71-2.12)
1.30 (0.47-2.50)
1.57 (0.85-2.78)
1.49 (0.58-2.79)
1.17 (0.42-1.80)
1.31 (0.78-2.03)
1.26 (0.76-2.06)
1.40 (0.85-2.65)
1.46 (0.85-2.76)
1.31 (0.63-2.34)
1.74 (0.99-10.09)
1.42 (0.80-2.77)
1.47 (0.85-3.43)
1.78 (0.91-5.05)
2.00 (0.94-7.97)
1.20 (0.41-2.52)
1.20 (0.58-2.51)
1.18 (0.49-2.59)
1.44 (0.60-4.15)
1.28 (0.65-3.54)
1.13 (0.56-2.03)
1.15 (0.49-2.70)

Gains
34.9%
73.0%
29.2%
27.0%
46.0%
54.0%
20.6%
44.4%
57.1%
52.4%
63.5%
73.0%
41.3%
52.4%
47.6%
49.2%
65.1%
55.6%
57.1%
58.7%
60.3%
77.8%
76.2%
47.6%
49.2%
38.1%
60.3%
41.3%
39.7%
28.6%

Location

20q11.21

20q11.21

20q11

20q11.2

20q11-q12

20q11.2

20q11.21

20q11.2

20q12-q13

20q11.2-q12

20q12-13.1

20q13.1

20q12-q13.11

20q12-q13.1

20q11.2-q13.1

20q13

20q13.1-q13.2

20q13.2-q13.3

20q13.2

20q13.2-q13.3

20q13

20q13.32

20q13.3

20q13.3

20q13.3

20q13.3

20q13.33

20q13.33

20q13.33

20q13.33

REM1

BCL2L1

ID1

TPX2

HCK

DNMT3B

MAPRE1

E2F1

SRC

NNAT

TOP1

MYBL2

ADA

WISP2

MMP9

CSE1L

PTPN1

NFATC2

ZNF217

BCAS1

CYP24A1

STX16

GNAS

EEF1A2

TNFRFS6B

KCNQ2

GATA5

FLJ20517

UCKL1

OPRL1

table 3. Continued

Gene
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Discussion
Gastric cancer is a common disease with a poor prognosis.1 Chromosomal instability is a major
mechanism of genetic instability in gastric cancers which has been widely studied by (array) CGH
analysis.2,32 Frequent copy number gains of chromosomes 8q, 13q and 20q have been detected in
gastric adenocarcinomas by this technique.3-9,11 In this study we report a detailed analysis of DNA
copy number changes of genes located on chromosomes 8, 13 and 20 in gastric adenocarcinomas
aiming to correlate gene-specific alterations to clinicopathological data.
In the present study of 63 gastric adenocarcinomas studied by array CGH, nearly 80% of the
cancers showed gain of chromosomes 8q and 20q. These frequencies of gains are consistent with
previous studies where gains of chromosomes 8q and 20q were reported in 40-80% and 50-80% of
gastric cancers, respectively.4,9,11,14,15,17,33 Both gains and losses of chromosome 13q have been detected
in gastric cancers. Losses of chromosome 13q have been described in up to 30% of gastric cancers
and gains of 13q have been described in up to 40% of gastric cancers, 4,9,13-15,17,33 which is consistent
with the findings of the present study.
When analyzing DNA copy number gain at the gene level, mean copy number ratio of two genes,
EIF3S6E (8q22) and TNFRSF6B (20q12.3), correlated significantly with lymph node status. Mean copy
number ratios of EIF3S6E were within the normal range for both lymph node positive and negative
gastric cancers, corresponding to the array CGH results in this study. Mean copy number ratio of
TNFRSF6B was significantly higher in lymph node positive compared to lymph node negative gastric
cancers and was within the range of DNA copy number gain and normal, respectively. Although
20q gain CGH data correlated with lymph node metastasis, of the 20q genes tested, only DNA copy
number gain of TNFRSF6B was significantly correlated with lymph node metastasis. TNFRSF6B is
a member of the tumor necrosis factor receptor superfamily, and is also known as decoy receptor
3 (DrR3). TNFRSF6B binds to FasL and inhibits FasL-induced apoptosis.34 Overexpression of this
gene has been observed in multiple cancer types, including cancers of the gastrointestinal tract.
Interestingly, gastric cancers with pN2 and pN3 disease have been shown to have significantly
higher TNFRSF6B expression compared to gastric cancers with pN0 and pN1 disease. Serum levels
of TNFRSF6B were correlated with TNM stage in gastric cancers.35,36 We found TNFRSF6B DNA copy
number ratios on average to be gained in gastric cancers metastasized to the lymph nodes (pN1-3)
compared to on average normal DNA copy number ratios of TNFRSF6B in non-metastasized gastric
cancers (pN0). Although previous studies have reported overexpression of TNFRSF6B without gene
amplification,37 results of the present study indicate that DNA copy number status of TNFRSF6B
could be a valuable marker for identifying lymph node positive gastric cancers.
DNA copy number status of five genes, FBXO25 (8p23.3), RASL11A (13q12.2), CDX2 (13q12), ZNF217
(20q13.2) and STX16 (20q13.32), correlated significantly with histological tumor type i.e. intestinal,
diffuse or mixed type gastric cancer. Mean DNA copy number ratios of FBXO25, RASL11A and CDX2,
however, were within the normal copy number range for all three histological types, in consistence
with the array CGH data of this study. The biological meaning of this difference therefore is not
immediately clear, but could e.g. relate to only a subpopulation of tumor cells being affected.
STX16 showed significantly higher mean copy number ratios in intestinal and mixed type
compared to diffuse type gastric cancers, however DNA copy number gain was observed in all three
tumor groups. STX16 encodes a syntaxin protein which plays a role in intracellular trafficking,38
but its role in cancer still has to be elucidated.
ZNF217 encodes a transcription factor which was shown to be involved in immortalization of
breast cancer cells when overexpressed.39 High level amplifications of ZNF217 have been previously
described in approximately 10% of gastric cancers.9,11,40 In the study of Weiss et al. three, all of the
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intestinal type, out of 27 gastric adenocarcinomas showed an amplification on 20q13. Fluorescence
in situ hybridization (FISH) analysis was performed on these three tumors, confirming the copy
number increase at this locus.11 Results from the present study suggest that DNA copy number
gain of ZNF217 plays a more important role in intestinal and mixed type compared to diffuse type
gastric cancers, since gains of mean copy number ratios are observed in intestinal and mixed type
gastric cancers and normal mean copy number ratio in diffuse type gastric cancers.
In summary, we present a detailed DNA copy number analysis of a panel of genes located
on chromosomes 8, 13 and 20 in gastric adenocarcinomas. We found that DNA copy number
gain of ZNF217 plays a role mainly in intestinal and mixed type but not in diffuse type gastric
adenocarcinomas. In addition, we showed that DNA copy number gain of TNFRSF6B is significantly
correlated to gastric cancers with lymph node metastasis, indicating a potential role for this gene
as a biomarker for identifying patients at high risk of lymph node metastasis, who might therefore
benefit from extended lymph node resection or neoadjuvant chemotherapy, to improve gastric
cancer outcome.

Acknowledgements
This study was financially supported by the Dutch Cancer Society, grant KWF2004-3051.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

Parkin, D. M., Bray, F., Ferlay, J. & Pisani, P. Global cancer statistics, 2002. CA Cancer J. Clin. 55, 74-108
(2005).
Lengauer, C., Kinzler, K. W. & Vogelstein, B. Genetic instabilities in human cancers. Nature 396, 643-649
(1998).
Hidaka, S. et al. Frequent gains of 20q and losses of 18q are associated with lymph node metastasis in
intestinal-type gastric cancer. Anticancer Res. 23, 3353-3357 (2003).
Kimura, Y. et al. Genetic alterations in 102 primary gastric cancers by comparative genomic hybridization:
gain of 20q and loss of 18q are associated with tumor progression. Mod. Pathol. 17, 1328-1337 (2004).
Koo, S. H. et al. Genetic alterations of gastric cancer: comparative genomic hybridization and fluorescence
In situ hybridization studies. Cancer Genet. Cytogenet. 117, 97-103 (2000).
Sakakura, C. et al. Gains, losses, and amplifications of genomic materials in primary gastric cancers
analyzed by comparative genomic hybridization. Genes Chromosomes. Cancer 24, 299-305 (1999).
Takada, H. et al. Screening of DNA copy-number aberrations in gastric cancer cell lines by array-based
comparative genomic hybridization. Cancer Sci. 96, 100-110 (2005).
van Grieken, N. C. et al. Helicobacter pylori-related and -non-related gastric cancers do not differ with
respect to chromosomal aberrations. J. Pathol. 192, 301-306 (2000).
Weiss, M. M. et al. Genomic alterations in primary gastric adenocarcinomas correlate with
clinicopathological characteristics and survival. Cell Oncol. 26, 307-317 (2004).
Wu, M. S. et al. Genetic alterations in gastric cancer: relation to histological subtypes, tumor stage, and
Helicobacter pylori infection. Gastroenterology 112, 1457-1465 (1997).
Weiss, M. M. et al. Determination of amplicon boundaries at 20q13.2 in tissue samples of human gastric
adenocarcinomas by high-resolution microarray comparative genomic hybridization. J. Pathol. 200,
320-326 (2003).
Buffart, T. E. et al. DNA copy number profiles of gastric cancer precursor lesions. BMC. Genomics 8, 345
(2007).
Kim, Y. H., Kim, N. G., Lim, J. G., Park, C. & Kim, H. Chromosomal alterations in paired gastric adenomas
and carcinomas. Am. J. Pathol. 158, 655-662 (2001).

175

Chapter 10
14. Kokkola, A. et al. Presence of high-level DNA copy number gains in gastric carcinoma and severely
dysplastic adenomas but not in moderately dysplastic adenomas. Cancer Genet. Cytogenet. 107, 32-36
(1998).
15. van Dekken, H. et al. Molecular cytogenetic evaluation of gastric cardia adenocarcinoma and precursor
lesions. Am. J. Pathol. 158, 1961-1967 (2001).
16. Weiss, M. M. et al. Genome wide array comparative genomic hybridisation analysis of premalignant
lesions of the stomach. Mol. Pathol. 56, 293-298 (2003).
17. Buffart, T. et al. Gastric cancers in young and elderly patients show different genomic profiles. J. Pathol.
211, 45-51 (2007).
18. Weiss, M. M. et al. Genomic profiling of gastric cancer predicts lymph node status and survival. Oncogene
22, 1872-1879 (2003).
19. Hermsen, M. et al. Colorectal adenoma to carcinoma progression follows multiple pathways of
chromosomal instability. Gastroenterology 123, 1109-1119 (2002).
20. Carvalho, B. et al. Integration of DNA and expression microarray data unravels seven putative oncogenes
on 20Q amplicon involved in colorectal adenoma to carcinoma progression. Cellular Oncology 30, 145146 (2008).
21. Postma, C., Terwischa, S., Hermsen, M. A., van, d. S., Jr. & Meijer, G. A. Gain of chromosome 20q is an
indicator of poor prognosis in colorectal cancer. Cell Oncol. 29, 73-75 (2007).
22. Aust, D. E. et al. Prognostic relevance of 20q13 gains in sporadic colorectal cancers: a FISH analysis. Scand.
J. Gastroenterol. 39, 766-772 (2004).
23. Schouten, J. P. et al. Relative quantification of 40 nucleic acid sequences by multiplex ligation-dependent
probe amplification. Nucleic Acids Res. 30, e57 (2002).
24. Buffart, T. E. et al. DNA copy number changes at 8q11-24 in metastasized colorectal cancer. Cell Oncol.
27, 57-65 (2005).
25. Postma, C. et al. Chromosomal instability in flat adenomas and carcinomas of the colon. J. Pathol. 205,
514-521 (2005).
26. Bonenkamp, J. J., Hermans, J., Sasako, M. & van de Velde, C. J. Extended lymph-node dissection for gastric
cancer. Dutch Gastric Cancer Group. N. Engl. J. Med. 340, 908-914 (1999).
27. Buffart, T. E. et al. DNA quality assessment for array CGH by isothermal whole genome amplification.
Cell Oncol. 29, 351-359 (2007).
28. Snijders, A. M. et al. Assembly of microarrays for genome-wide measurement of DNA copy number.
Nat. Genet. 29, 263-264 (2001).
29. van de Wiel, M. A. et al. CGHcall: calling aberrations for array CGH tumor profiles. Bioinformatics. 23,
892-894 (2007).
30. Coffa, J. et al. MLPAnalyzer: Data analysis tool for reliable automated normalization of MLPA fragment
data. Cell Oncol. 30, 323-335 (2008).
31. Laurén, P. The two histological main types of gastric carcinoma: diffuse and so-called intestinal-type
carcinoma. An attemt at a histo-clinical classification. Acta Pathol. Microbiol. Scand. 64, 31-49 (1965).
32. Pinkel, D. & Albertson, D. G. Array comparative genomic hybridization and its applications in cancer.
Nat. Genet. 37 Suppl, S11-S17 (2005).
33. Carvalho, B. et al. Mixed gastric carcinomas show similar chromosomal aberrations in both their diffuse
and glandular components. Cell Oncol. 28, 283-294 (2006).
34. Pitti, R. M. et al. Genomic amplification of a decoy receptor for Fas ligand in lung and colon cancer.
Nature 396, 699-703 (1998).
35. Wu, Y. et al. Clinical significance of detecting elevated serum DcR3/TR6/M68 in malignant tumor patients.
Int. J. Cancer 105, 724-732 (2003).
36. Wu, Y., Guo, E., Yu, J. & Xie, Q. High DcR3 expression predicts stage pN2-3 in gastric cancer. Am. J. Clin.
Oncol. 31, 79-83 (2008).
37. Bai, C. et al. Overexpression of M68/DcR3 in human gastrointestinal tract tumors independent of gene
amplification and its location in a four-gene cluster. Proc. Natl. Acad. Sci. U. S. A 97, 1230-1235 (2000).
38. Simonsen, A., Bremnes, B., Ronning, E., Aasland, R. & Stenmark, H. Syntaxin-16, a putative Golgi t-SNARE.
Eur. J. Cell Biol. 75, 223-231 (1998).

176

High resolution analysis of DNA copy number aberrations
39. Nonet, G. H. et al. The ZNF217 gene amplified in breast cancers promotes immortalization of human
mammary epithelial cells. Cancer Res. 61, 1250-1254 (2001).
40. Yang, S. H. et al. Gene copy number change events at chromosome 20 and their association with
recurrence in gastric cancer patients. Clin. Cancer Res. 11, 612-620 (2005).

177

Chapter 11

Gross genomic damage measured by DNA
image cytometry independently predicts clinical
outcome in gastric cancer

Jeroen AM Beliën
Tineke E Buffart
Andrew J Gill
Mark AM Broeckaert
Phil Quirke
Gerrit A Meijer
Heike Grabsch

Chapter 11

Abstract
Background: DNA aneuploidy reflects gross genomic changes and is a key step in the pathogenesis
of the vast majority of solid cancers. It can be measured by flow (FCM-DNA) or image cytometry
(ICM-DNA). In gastric cancer, the prevalence of DNA aneuploidy has been reported to range
from 27% to 100%. This variability, and consequent lack of consistency in its association with
clinicopathological factors, may be due to methods of cytometry used. We therefore set out to
compare DNA ploidy in gastric cancer measured by both FCM-DNA and ICM-DNA and evaluate
its association with patient survival.
Material and Methods: Data were obtained from 221 gastric adenocarcinomas with long-term
follow up (median: 21 months). Nuclei were isolated from formalin-fixed paraffin-embedded tissue
samples and DNA ploidy was assessed by FCM-DNA and ICM-DNA. Results were compared to
each other and to clinicopathological characteristics and survival.
Results: With FCM-DNA 178 (80.5%) DNA aneuploid cases were found and with ICM-DNA 172
(77.8%). Both methods were concordant in 183 (82.8%) cases (kappa 0.48). Patients with DNA diploid
tumors based on ICM-DNA survived significantly longer than those with DNA aneuploid tumors
(Log rank 10.1, p= 0.001). For FCM-DNA a similar trend is observed, but this differences did not
reach statistical significance (p = 0.09). The multivariate Cox model indicated that – with declining
relevance – lymph node status, TNM stage and ICM-DNA (favorable group: (DNA diploid or DNA
tetraploid) and 9c exceeding rate of zero), were independent predictors of survival.
Conclusion: ICM-DNA based DNA ploidy status is an independent predictor of clinical outcome
of gastric cancer patients, whereas FCM-DNA is not. ICM-DNA may therefore be a better read out
of clinically relevant gross genomic damage than FCM-DNA.

180

Gross genomic damage predicts clinical outcome

Introduction
Despite its declining incidence, gastric cancer remains the second leading cause of cancer death
world-wide, with a poor prognosis overall.1 In the United Kingdom and the Netherlands it ranks fifth
as a cause of cancer death with respective 9800 and 2200 new cases annually.2,3 Surgical resection
is the only way to cure the disease. However, the success of this therapy depends on the stage of
the cancer at time of diagnosis. Currently, the TNM (Tumor-Node-Metastasis) classification is the
most important factor in predicting patient survival after surgical resection, but patients with
gastric cancers of similar tumor stage show large variations in clinical outcome. Therefore, tumor
characteristics need to be defined for more precisely predicting prognosis.
Most gastric cancers are DNA aneuploid, i.e. a quantitative abnormality in DNA content per
tumor cell. DNA aneuploidy has been described in low frequencies in gastric cancer precursors, like
intestinal metaplasia and gastric adenomas.4-6 In general, DNA aneuploidy was found to correlate
with higher tumor stages and poorer prognosis. Several studies have been performed correlating
DNA ploidy with clinicopathological variables and survival in gastric cancers. Although most
studies show that DNA aneuploidy in gastric cancer is related to higher histological tumor stage
and poorer prognosis, contrasting results have also been described.7-11
DNA ploidy status can be measured either by flow cytometry (FCM-DNA) or image cytometry
(ICM-DNA). FCM-DNA has several advantages over ICM-DNA. The analysis method is fast and it
has a high measurement precision, allowing the identification of small deviations in DNA content
of a population of tumor cells. Disadvantages of this technique are lack of visual control and artifact
rejection. Since only cells in suspension can be measured, the topographical information of the
cell is lost. In addition, relative large amounts of tissue are needed and measurements on the same
cells are hard to repeat. Moreover, low-frequency of abnormalities may be missed as they can be
obscured in the density profile.12 ICM-DNA overcomes some of these disadvantages by allowing
visual control, selection of specific cells based on morphological, chemical or additionally measured
features such as cell shape and texture. In addition, ICM-DNA allows for additional or control
measurements, because the specimen is a fixed cell suspension deposited on a glass slide which is
kept after measurement. The disadvantage of ICM-DNA is the lower throughput.
The aim of the present study was to determine the prognostic value of DNA ploidy in
gastric cancer, measured by both FCM-DNA and ICM-DNA, in addition to clinicopathological
characteristics such as tumor stage.

Material and Methods
Patients

In total, 221 gastric adenocarcinoma tissue samples of 221 patients were included in this study. All
patients and materials were randomly selected from the archives of the University of Leeds (Leeds,
General Infirmary, UK). All patients underwent gastrectomy after being diagnosed with primary
gastric cancer between 1970 and 2004. None of the patients received adjuvant systemic treatment
nor radiotherapy. An overview of clinicopathological data of the gastric cancers included in the
study is given in Table 1. The study was approved by the Institutional Review Board and was in
accordance with medical ethical guidelines.
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M status

N status

T status

Tumor type

Age

Gender

8 (3.6%)
12 (5.4%)

M1

missing

14 (6.3%)

N3

201 (91.0%)

44 (19.9%)

N2

M0

96 (43.4%)

N1

11 (5.0%)

T4
67 (30.3%)

110 (49.8%)

T3

N0

14 (6.3%)
86 (38.9%)

T2

30 (13.6%)

Mixed

T1

44 (19.9%)

Diffuse

≥70 yrs

147 (66.5%)

80 (36.2%)

129 (58.4%)

50-70 yrs

Intestinal

12 (5.4%)

<50 yrs

69.9 (34-96)

79 (35.7%)

female

mean (range)

142 (64.3%)

n = 221

All cases

male

are marked in bold.

0.07

<0.001

<0.001

0.54

0.15

0.49

Survival
p-value

8

1 (0.5%)

34 (16.3%)

2 (0.9%)

1 (0.5%)

22 (10.0%)

18 (8.1%)

3 (1.4$)

20 (9.0%)

16 (7.2%)

4 (1.8%)

4 (1.8%)

11 (5.0%)

28 (12.7%)

22 (10.0%)

14 (6.3%)

7 (3.2%)

66.0 (34-87)

18 (8.1%)

25 (11.3%)

n = 43

FCM-DNA
diploid

4

7 (3.3%)

167 (79.9%)

12 (5.3%)

43 (19.5%)

74 (33.5%)

49 (22.2%)

8 (3.6%)

90 (40.7%)

70 (31.7%)

10 (4.5%)

26 (11.8%)

33 (14.9%)

119 (53.8%)

107 (48.4%)

66 (29.9%)

5 (2.3%)

70.8 (41-96)

61 (27.6%)

117 (52.9%)

n = 178

FCM-DNA
non-diploid

1.0#

0.009

0.72

0.45

0.02

0.006

0.35

Pearson
Chi-square
p-value

0.36

0.44

0.08

0.10

0.18

0.08

Survival
p-value

9

2 (1.0%)

38 (18.2%)

3 (1.4%)

5 (2.3%)

24 (10.9%)

17 (7.7%)

2 (0.9%)

25 (11.3%)

19 (8.6%)

3 (1.4%)

3 (1.4%)

14 (3.6%)

32 (14.5%)

29 (13.1%)

12 (5.4%)

8 (3.6%)

67.5 (34-88)

23 (10.4%)

26 (11.8%)

n = 49

ICM-DNA
diploid

3

6 (2.9%)

163 (78.0%)

11 (5.0%)

39 (17.6%)

72 (32.6%)

50 (22.6%)

9 (4.1%)

85 (38.5%)

67 (30.3%)

11 (5.0%)

27 (12.2%)

30 (13.6%)

115 (52.0%)

100 (45.2%)

68 (30.8%)

4 (1.8%)

70.6 (45-96)

56 (25.3%)

116 (52.5%)

n = 173

ICM-DNA
non-diploid

0.99

0.28

0.99

0.08

<0.001

0.07

0.06

Pearson
Chi-square
p-value

0.02

0.02

0.001

0.002

0.003

0.001

Survival
p-value

Table 1. Clinicopathological and univariate survival data of 221 patients with gastric cancer as well as correlations of clinicopathological with ploidy data. Significant correlations
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8

7

27 (12.2%)

20 (10.3%)

12 (6.2%)

0 (0%)

4 (2.1%)

5 (2.3%)

0.04*

Whole stomach

missing

3 (1.4%)

93 (42.1%)

12 (5,4%)

IV

9 (4.3%)
1 (0.5%)

53 (24.0%)

27 (12.2%)

IIIB

14 (6.7%)

Antrum

32 (14.5%)

IIIA

2 (1.0%)
6 (2.9%)

Body

53 (24.0%)

II

<0.001

n = 43

FCM-DNA
diploid

43 (19.5%)

52 (23.5%)

IB

Survival
p-value

Cardia

9 (4.1%)
36 (16.3%)

IA

n = 221

All cases

20

5 (2.6%)

73 (37.6%)

41 (21.1%)

39 (20.1%)

4

24 (11.5%)

31 (14.8%)

44 (21.1%)

38 (18.2%)

30 (14.4%)

7 (3.3%)

n = 178

FCM-DNA
non-diploid

0.22#

0.11

Pearson
Chi-square
p-value

Notes:
#: Result of Fisher’s exact test since the expected count in a cell was less than five
*: whole stomach is worse than antrum, body and cardia seperately
np: comparison cannot be performed since at least one stratum does not have valid case for each factor level

Missing

Tumor location

Stage

Table 1. Continued.

np

0.67

Survival
p-value

7

1 (0.5%)

22 (11.3%)

14 (7.2%)

5 (2.6%)

9

5 (2.4%)

4 (1.9%)

9 (4.3%)

15 (7.2%)

6 (2.9%)

1 (0.5%)

n = 49

ICM-DNA
diploid

20

4 (2.1%)

71 (36.6%)

39 (20.1%)

38 (19.6%)

3

22 (10.5%)

28 (13.4%)

44 (21.1%)

37 (17.7%)

30 (14.4%)

8 (3.8%)

n = 173

ICM-DNA
non-diploid

0.32

0.45

Pearson
Chi-square
p-value

0.08

0.04

Survival
p-value
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Tissue processing

Two-hundred and twenty-one formalin-fixed and paraffin-embedded gastric adenocarcinoma
tissues were retrieved from the pathology archives in Leeds (UK). Cell suspensions were prepared
from 50 µm thick rolls (taking 4 µm HE-stained sandwich sections to check for the presence of
invasive tumor parts) for each case according to the Hedley procedure.13 Part of the cell suspensions
were stained with DAPI for FCM-DNA, and from the remaining material cytospin preparations
were prepared, by centrifugation for 15 min at 3,000 rpm, and stained with the Feulgen procedure
according to the consensus of the European Society for Analytical Cellular Pathology14 with slight
modifications (available upon request). In short the procedure followed is: 5N HCl for 30 min at
27°C, rinse in distilled water for 5 min, stain with fresh Schiff reagents for 45 min and wash in
running tap water for 15 min.

Measurement of FCM-DNA

FCM-DNA measurements were done within 3 hours after DAPI staining with a Partec PAS II mercury
lamp based flow cytometer (Partec Instruments, Muenster, Germany) using trout erythrocytes as
external control cells. The procedure is described in detail elsewhere.15

Measurement of ICM-DNA

DNA content of the stained nuclei was measured and analyzed by ICM-DNA according to an
established protocol.16 In short, monolayers of nuclei were visualized with an Axioplan microscope
(Zeiss, Oberkochen, Germany) equipped with a 20x plan apochromat (numerical aperture of 0.6)
and a projective magnification of 1.6x. Images were recorded by a XC-77-CE CCD black and white
camera (Sony, Köln, Germany). Using an automated scanning stage (Märzhäuser, Wetzlar, Germany)
with an X-Y step size of 0.25 μm, at least 25 fields of vision were sampled from a predefined area of
interest on the slide. This area of interest was selected based on optimal density of nuclei and absence
of artifacts, judged by visual inspection. An autofocus device (Zeiss) operating on the camera signal
took care of focusing (step size, 0.025 µm). The specimen was illuminated with a stabilized halogen
light source, and filtered with a green monochrome filter (λ= 550 nm, Δ λ= 10 nm). Images of 512 x
512 picture elements were digitized with a Matrox Meteor_II PCI frame grabber (Matrox Electronic
Systems Ltd. – Imaging, Dorval, Canada) in 8 bit grey value resolution. The pixel-to-pixel distance
at the specimen level was 0.33 µm. Image processing was performed on a dedicated PC (Pentium
III, 500 MHz, 384 Mb RAM; Dutch Vision Components, Breda, NL), running under the Microsoft
Windows 2000 professional operating system with a color monitor at a spatial resolution of 1152
x 900 in 24-bit. The automatic DNA image cytometer was developed and evaluated within the
Pathology Image Processing Environment which is based upon the multi-level interactive image
processing environment SCIL_Image (Dutch Vision Systems B.V., Breda, The Netherlands). The
system follows the guidelines of the consensus report of the European Society for Analytical Cellular
Pathology.14 Image data as well as resulting numerical data after feature extraction were stored in
combined databases. Prior to every image analysis session, Köhler illumination was applied, and
the camera was switched on at least 15 min prior to measuring in order to assure standardized
conditions. Images were linearly corrected for shading with two empty images, one illuminated
and one dark-current image.17 The corrected grey values thus provide a measure for the local
optical density. Segmentation was done fully automatically based on the algorithm described by
Vossepoel et al.18, and a filter to remove debris and aggregates was active during measurement. At
least 2,000 nuclei, if available, were measured fully automatically and lymphocytes and fibroblasts
were included as internal controls. Resulting images were inspected afterwards. Using classification
algorithms, ellipsoid objects resembling fibroblast and round dark condense objects resembling
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lymphocytes were automatically identified. These two object classes were used as internal control
and to calibrate and scale the DNA-histogram. Another set of classification algorithms were applied
to automatically remove the majority of remaining debris and aggregates from the data set. We
then visually inspected the resulting DNA histogram for objects, and relocated cells if necessary,
which should have been removed based on features like shape and texture, but were missed by the
classification algorithms. In the resulting DNA-histograms, the 2c peak was identified interactively
based on the identified classes of fibroblasts and lymphocytes, after which the histogram was
scaled up to 10c with a fixed number of 256 bins in order to obtain standardized histograms for all
cases and exported in ASCII format. An average of 1012 (range 204 – 1774) remaining high quality
nuclei was obtained per slide.

Analysis of DNA-histogram

FCM-DNA and all ICM-DNA histograms were analyzed with the MultiCycle AV computer program
(Phoenix Flow Systems, San Diego, CA, USA) according to a previously developed protocol.19 The
DNA index was calculated by dividing the modal channel number of DNA aneuploid peaks by the
modal channel number of the DNA diploid peak, the DNA index in case of only one cell cycle being
1.00. Based on the DNA index, all FCM-DNA cases were classified in 3 subclasses based on previous
published guidelines,20 as follows: DNA diploid (only one cell cycle present), DNA tetraploid (1.9
≤ DNA index < 2.1), DNA aneuploid (1 < DNA index < 1.9 or DNA index ≥ 2.1). ICM-DNA cases
were classified in the same 3 subclasses, based on previous published guidelines,14 as follows: DNA
diploid (only one cell cycle present), DNA tetraploid (1.8 ≤ DNA index < 2.2), and DNA aneuploid
(1.1 ≤ DNA index < 1.8 or DNA index ≥ 2.2). For ICM-DNA histograms an additional classification
was applied based on the 9c exceeding rate (9c ER).14 If an ICM-DNA histogram was classified as
DNA-diploid or DNA-tetraploid, and there were nuclei with a c-value greater than or equal to 9c,
this case was classified as DNA-aneuploid.

Statistical analysis

For discrete variables Chi-square test was used, or Fisher’s exact test when the expected count in a
cell was less than five. Correlation between DNA indexes obtained with FCM-DNA and ICM-DNA
were evaluated by linear regression analysis. Survival time was measured in years from the time
of operation to death or recurrent disease. Patients who died of non-cancer related causes were
censored at the time of death. Kaplan-Meier curves were plotted, and differences between the
curves were analyzed with the Mantel-Cox test. For univariate and multivariate analyses of the
variables’ predictive values, the Cox proportional hazard model was used using enter and remove
limits of 0.05 and 0.1. A linear predictor score (LPS) was calculated from the Cox model. Results
from fitting a Cox model were presented as the regression coefficients, B, the p-value of B in the
Cox model and the hazard ratio, exp(B). The LPS for patients was calculated as PSi = Bi X1i + B2
X2i +...... Bp Xpi for the variables 1 to p. Kaplan–Meier curves of the population separated into a
high, intermediate and low-risk tertile by the variable LPS illustrated the prognostic values. These
analyses were performed with SPSS (SPSS Version 15 Inc., Chicago, IL, USA). P-values below 0.05
were regarded as significant.
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Results
Clinicopathological characteristics

Tumor and patient characteristics are presented in the first 3 columns of Table 1. One hundred and
forty-two out of 221 patients (64%) were male, and 79 (36%) were female. Mean age of all patients
was 70 (range 34-96). Patients were, based on age, divided into three groups, younger then 50 years
of age (12 cases (5%)), between 50 and 70 years of age (80 (36%)), and older then 70 years of age
(129 (58%)). Of all 221 tumors, 147 (67%) were of the intestinal type, 44 (20%) of the diffuse type
and 30 (14%) mixed type.21 The majority of patients had either a T2 (86 (39%)) or T3 (110 (50%))
tumor, whereas a relative small group of patients had a T1 (14 (6%)) or T4 (11 (5%)) tumor. Sixty
seven patients (30%) showed no positive lymph nodes (N0), whereas 96 (43%) had between one
and six positive lymph nodes (N1), 44 (20%) had between seven and 15 and 14 (6%) had 16 or more
positive lymph nodes. Only eight patients showed distant metastasis at the time of resection of the
tumor and of 12 patients (5%) this data was not available. Furthermore, of 27 patients (12%) the
location within the stomach of the tumor was not recorded in the patient status. In five patients
(2%) the tumor was located throughout the whole stomach, whereas in 43 (20%) patients the
tumor was located in the cardia, in 53 (24%) in the body and in 93 (42%) in the antrum. Median
follow-up was 21 months (range 1.2 – 245.8). From univariate analysis, T status (p<0.001), N status
(p<0.001) and tumor stage (p<0.001) emerged as prognostic factors (Table 1).

DNA ploidy results

Of all 221 gastric cancer patients DNA ploidy data were available from both FCM-DNA and ICMDNA. We evaluated the following DNA ploidy based categories. First of all, we used the traditional
DNA diploid and DNA non-diploid categories, hereafter indicated as grouping A (Table 2.A). Then,
since patients with DNA tetraploid gastric tumors show similar survival as DNA diploid gastric
tumors we compared three categories, i.e. DNA diploid, DNA tetraploid and DNA aneuploid,
labeled as grouping B (Table 2.B), as well as a DNA non-aneuploid (including both DNA diploid or
DNA tetraploid tumors) versus DNA aneuploid tumors, grouping C (Table 2.C).
Table 2. Comparison of FCM-DNA and ICM-DNA for different DNA ploidy groupings for 221 patients. Grouping A shows

the grouping in the traditional DNA diploid and DNA non-diploid categories. B shows grouping into the three categories,
i.e. DNA diploid, DNA tetraploid and DNA aneuploid., C shows the grouping of DNA non-aneuploid (including both
DNA diploid or DNA tetraploid tumors) versus DNA aneuploid tumors. D shows grouping in Group 1: (DNA-diploid or
DNA-tetraploid) and 9c exceeding rate of zero and Group 2: DNA-aneuploid or ((DNA-diploid or DNA-tetraploid) and
9c exceeding rate greater than zero). The statistics table shows the results the concordance, the p-value obtained with
either the Chi-square or Fisher’s exact test and the kappa value for tables A-D.
2A
ICM-DNA
Diploid
Non-diploid
Total

FCM-DNA
Diploid
27 (12.2%)
16 (7.2%)
43

2B
ICM-DNA
Diploid
Tetraploid
Aneuploid
Total

186

Non-diploid
22 (10.0%)
156 (70.6%)
178

Total
49
172
221

FCM-DNA
Diploid
27 (12.2%)
5 (2.3%)
11 (5.0%)
43

Tetraploid
1 (0.5%)
3 (1.4%)
6 (2.7%)
10

Aneuploid
21 (9.5%)
9 (4.1%)
138 (62.4%)
168

Total
49
17
155
221
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2C
ICM-DNA
Diploid+tetraploid
Aneuploid
Total

FCM-DNA
Diploid+tetraploid
36 (16.3%)
17 (7.7%)
53

Aneuploid
30 (13.6%)
138 (62.4%)
168

Total
66
155
221

Diploid+tetraploid
30 (13.6%)
13 (5.9%)
43

Aneuploid
30 (13.6%)
148 (67.0%)
178

Total
60
161
221

Concordance
(percentage):
82.2
75
78.8
80.6

Chi_square of
Fisher’s p-value:
p < 0.001
p = 0.03
p <0.001
p < 0.001

Kappa:

2D
ICM-DNA
Group1
Group2
Total
Statistics for grouping:
A
B
C
D

FCM-DNA

0.48
0.43
0.46
0.46

FCM-DNA related measurements

With FCM-DNA and grouping A (Table 2.A), 178 (81%) DNA non-diploid and 43 (19%) DNA
diploid cases were found, giving no statistically significant survival difference (p = 0.09). Significant
correlations were found with age (DNA non-diploid tumors are more frequently found in aging
patients) and N-status (tendency that there are more positive lymph nodes in DNA non-diploid
tumors) (Table 1). Univariate survival analysis stratified for the clinicopathological parameters also
did not show significant differences. Based on grouping B (Table 2.B), patients with DNA diploid or
DNA tetraploid tumors had a better survival compared to patients with DNA non-diploid tumors,
however this difference was not significant (Log rank of 5.5, p = 0.06). When comparing patients with
either DNA diploid or DNA tetraploid tumors as a single group compared to patients with DNA
aneuploid tumors as a group, grouping C (Table 2.C), survival was significantly different between
these two groups (Log rank: 5.3, p = 0.02, Hazard Ratio 1.8 (1.1 – 2.9)). Results of univariate survival
analysis of DNA ploidy status are shown in Table 3.

ICM-DNA related measurements

Patients with DNA diploid tumors (49 (22%)) based on grouping A (Table 2.A) had a significantly
longer survival than those with DNA non-diploid (172 (78%)) tumors (Log rank 10.1, p= 0.001 with
Hazard ratio of 2.3 (1.4 – 3.9)). A significant correlation was found between DNA ploidy status
(grouping A) and age (p<0.001), but not for other clinicopathological variables (Table 1). Univariate
survival analysis for DNA ploidy status (grouping A), stratified for the respective clinicopathological
variables showed significant differences for ICM-DNA ploidy adjusted for gender (p=0.001), age
categories (p=0.003), tumor type (p=0.002), and TNM status (p=0.001, p=0.02 and p=0.02 for T-,
N- and M- status, respectively), but not for tumor location (ns) (Table 1). With respect to gender,
male patients with a DNA diploid tumor showed a better survival compared to females. The female
patients with DNA diploid tumors have a similar survival compared to female patients with a DNA
non-diploid tumor.
Grouping B (Table 2.B), revealed bigger survival differences (Log rank 13.8, p = 0.001 with Hazard
ratios of 1.0 (0.3 – 3.1) for the DNA tetraploid subgroup and 2.4 (1.4 – 4.2) for the DNA-aneuploid
subgroup, compared to the DNA-diploid subgroup. When comparing survival of patients with either
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a DNA diploid or DNA tetraploid tumor as a single group versus patients with DNA aneuploid
tumors, the survival difference increased even further (grouping C) (Table 2.C and 3) (Log rank
13.8, p < 0.001 with Hazard Ratio of 2.4 (1.5 – 4.0)).
Since with ICM-DNA it is also possible to assess 5c and 9c exceeding rates, we explored the added
value of using a positive 5c or 9c exceeding rates, respectively, as additional criteria to call a case
aneuploid. The 5c exceeding rates had no statistically significant contribution to any of the DNA
ploidy groupings. Zero DNA diploid cases had a 9c exceeding rate, 5 out of 17 DNA tetraploid
cases had a 9c exceeding rates and 54 out of 155 DNA aneuploid cases had a 9c exceeding rate.
Consequently, the 9c exceeding rate added significantly to the difference in disease related survival
of groupings B and C, since there are only DNA tetraploid cases that switch to the DNA aneuploid
group (DNA aneuploid cases stay DNA aneuploid). This yielded an increased log rank of 16.8 and
a Hazard ratio of 2.8 (1.7 – 4.7), Table 3 and Figure 1. Data for grouping B with 9c exceeding rates
are similar: log rank 17.5, p < 0.001 and Hazard ratios compared to the DNA diploid group of 0.3
(0.0 – 2.3) for the DNA-tetraploid cases without 9c exceeding rates and 2.5 (1.7 – 4.3) for the DNA
aneuploid cases including the DNA tetraploid cases with a 9c exceeding rate.
Table 3. Results of univariate survival analysis of FCM-DNA and ICM-DNA for different DNA ploidy groupings for

221 patients. Same groupings are used as in Table 2 plus one additional grouping E. E is similar to B but also uses the 9c
exceeding rate (9c-er): DNA-diploid and negative 9c-er versus DNA-tetraploid and negative 9c-er versus DNA-aneuploid
or DNA- diploid and tetraploid with positive 9c-er. The column hazard ratios of grouping B and E shows two values, were
the first value is the hazard ratio of the DNA tetraploid subgroup compared to the DNA diploid subgroup and the second
of the DNA aneuploid subgroup compared to the DNA diploid subgroup.
Grouping

Log rank value

FCM-DNA
p-value

Hazard ratio
(confidence
interval)*

Log rank value

ICM-DNA
p-value

A

2.9

0.09

10.1

0.001

B

5.5

0.06

13.8

0.001

Hazard ratio
(confidence
interval)*
2.3 (1.4 – 3.9)
1.0 (0.3 – 3.1)
2.4 (1.4 – 4.2)

C

5.3

13.8

< 0.001

2.4 (1.5 – 4.0)

D

n.a.

0.02

1.8 (1.1 – 2.9)

16.8

< 0.001

2.8 (1.7 – 4.7)

E

n.a.

17.5

< 0.001

0.3 (0.0 – 2.3)
2.5 (1.7 – 4.3)

n.a. : not applicable
*: Hazard ratio os only present when significant (confidence interval does not contain 1), and presents values to reference group (i.e.
favorable outcome)

		

FCM-DNA and ICM-DNA comparison

A significant correlation was observed between the DNA index of FCM-DNA and ICM-DNA
(p<0.001, r=0.61) (Figure 2). When comparing DNA diploid to DNA aneuploid tumors (grouping
A), results from both methods were concordant in 183 (82.8%) tumors (Chi-square p < 0.001, kappa
0.48) (Table 2.A), of which 27 (12%) and 156 (71%) tumors were DNA diploid and DNA aneuploid,
respectively. Sixteen FCM-DNA diploid cases were classified as DNA aneuploid by ICM-DNA and
vice versa 22 cases classified as DNA diploid by ICM-DNA were classified as DNA aneuploid by
FCM-DNA.
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Figure 1. Disease related Kaplan-Meier survival curve for patients with ICM-DNA-(diploid+tetraploid) (n=61) and ICMDNA-aneuploid (n=160) tumors taking into account 9c exceeding rate. Patients that have a 9c exceeding rate greater
than zero and are DNA-diploid or DNA-tetraploid are classified as DNA-aneuploid. Log rank: 16.8, p <0.001, Hazard
ratio: 2.8 (1.7 – 4.7).

Figure 2. Scatter plot of the DNA indices obtained by FCM-DNA and ICM-DNA in 221 gastric adenocarcinomas.
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With ICM-DNA more DNA tetraploid cases were detected compared to FCM-DNA (17 and 10 cases,
respectively) of which only three DNA tetraploid cases were concordant. The overall concordance
is 75% (Fisher’s Exact: p = 0.03, kappa 0.43).
Concordance between FCM-DNA and ICM-DNA improved when combining DNA tetraploid
cases with DNA diploid cases and comparing these to DNA aneuploid cases (grouping C: Table 2.C,
concordance of 78.8%, Chi-square p <0.001, kappa = 0.46). When combining ICM-DNA DNA diploid
and DNA tetraploid cases that have a 9c exceeding rate greater than zero (0 and 5 respectively) with
the DNA-aneuploid group, the concordance between FCM-DNA and ICM-DNA further improved
(concordance of 80.6%, Chi-square p < 0.001, kappa = 0.46) (Table 2D).

Multivariate disease related survival

Mutlivariate analysis using statistically significant variables from univariate analysis (Table 1) and
the three FCM-DNA based variables showed that lymph node status was the strongest prognostic
factor followed by stage. No other factors were included, also not the FCM-DNA variables.
Alternatively, with the ICM-DNA variables entered into the multivariate analysis, with declining
significance lymph node status, stage and the ICM-DNA ploidy status (using grouping for ICMDNA as shown in Table 2.D) were prognostically significant. When dividing the study population
in tertiles based on the linear prognostic score, a Log rank of 52.8 with p < 0.001 emerged. Hazard
ratios with most favorable group of patients with respect to survival as reference, were 3.2 (1.6 –
6.2) and 8.1 (4.2 – 15.9) respectively (Table 3). The corresponding disease related survival plot is
shown in Figure 3.

Figure 3. Disease related Kaplan–Meier survival curves of the study population divided in tertiles by the linear predictor
based on lymph node status, stage and ICM-DNA grouping D. Total number of patients with valid data is 168. Log rank:
52.8, p < 0.001. Hazard ratio’s, with most favorable group as reference, are 3.2 (1.6 – 6.2) and 8.1 (4.2 – 15.9).
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Discussion
Aneuploidy or gross genomic instability is a well established biological feature of many solid
tumors. High resolution methods like microarray based comparative genomic hybridization have
demonstrated that at the chromosomal level this aneuploidy exists as patterns of non random
DNA copy number alterations that affect expression of multiple cancer related genes at mRNA
and miRNA level.22,23 At the nuclear level, this gross genomic damage is reflected by abnormal
DNA content, or DNA aneuploidy, and can be measured by DNA flow and image cytometry. The
prevalence of DNA aneuploidy in gastric cancer has been reported to range from 27% to 100%.10
This highly variable prevalence of DNA aneuploidy and lack of consistency in its association with
clinicopathological variables may well be due to the methods of DNA cytometry used. The majority
of investigations on prognostic value of DNA cytometric analysis in gastric cancers have been
performed by FCM-DNA6,10,24,25 and to our knowledge only a single study has used both methods
in gastric cancer.26
The present study therefore aimed to analyze if, in a retrospective series of 221 gastric cancer
patients with long-term follow up data, DNA ploidy status can predict prognosis, has additional
prognostic value to established clinical pathological prognostic factors such as tumor stage, and if
DNA ploidy status measured by FCM-DNA and ICM-DNA have similar prognostic value in gastric
cancer.
FCM-DNA and ICM-DNA are both objective methods to study abnormalities of nuclear DNA
distribution. However, because of the different methods of preparation of nuclear suspensions and
histogram interpretation, study results are hard to compare so far, especially with regard to older
studies.6,10,24-26 Lack of standardization may, at least partially, explain why the published prevalence
aneuploidy in gastric cancer varies so widely (27-100%) and is likely to have influenced its clinical
relevance. To overcome this lack of standardization a European consensus report on standardization
of diagnostic DNA image cytometry has been presented and updated.14 The present study has
followed these guidelines.
The linear regression between the DNA indices of FCM-DNA and ICM-DNA was similar as
obtained in a previous study on distal bile duct carcinomas.16 Using DNA ploidy grouping A
(Table 2.A) as introduced by Hedley et al.,27 FCM-DNA and ICM-DNA were equally sensitive in
detecting DNA non-diploidy (81% vs 78%) and overall concordance was 83%. Two other DNA ploidy
classifications used in this study, grouping B and C, showed concordances between both methods
of 76% and 79%, respectively. Because ICM-DNA allows visual inspection of the measurement
result, an additional classification has been applied for ICM-DNA based on the 9c exceeding rate.14
The 9c exceeding rate is defined as the percentage of cells exceeding a DNA content of 9c and has
been used for the grading of malignancy.14 If an otherwise DNA-diploid or DNA-tetraploid tumor
had a 9c exceeding rate greater then zero, this tumor was classified as DNA-aneuploid since the
presence of tumor nuclei with a DNA content exceeding a 9c rate of zero is believed to be evidence
of aneuploidy. This grouping resulted in an improvement of concordance between FCM-DNA and
ICM-DNA ploidy status to 81%, compared to the groupings B and C. Only one study,26 as far as
we know, compared both methods on gastric cancers. This study was performed on a group of
only 48 gastric cancer cases and no data was provided on comparison of both methods, and the
results therefore cannot be compared to the present study.26 The results of the present study are
comparable to previous studies comparing flow and image cytometry on breast cancer28 and a
mixture of tumors amongst which breast, endometrium, ovary, and colon29 carcinomas, in which
75%, and 91% concordance was observed, respectively.
The discrepancies in DNA ploidy classification found in the present study could theoretically
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be explained by intra-tumor heterogeneity, but this option can largely be excluded in the present
study since FCM-DNA and ICM-DNA analyses were performed on samples from the same cell
suspension. Furthermore, Osterheld et al.30 concluded that DNA-aneuploidy is frequently observed
in advanced gastric cancer and demonstrated that a majority of these DNA aneuploid tumors do
not show heterogeneity in DNA-ploidy.
Next, artifacts in the preparation procedures, and differences in the interpretation of the DNA
histograms could explain the discrepancies between FCM-DNA and ICM-DNA. For instance, DNA
non-diploid peaks detected by ICM-DNA may be overshadowed by large numbers of non-tumor
cells, like stromal and inflammatory cells, in FCM-DNA. This hampers the detection of some DNA
aneuploid or near diploid DNA stemlines. DNA tetraploid peaks detected by FCM-DNA may
be due to clumping which can easily be excluded in ICM-DNA analysis. DNA non-diploid peaks
detected by FCM-DNA and detected as DNA diploid by ICM-DNA could be explained by the
use of a G-force during the cytospin procedure, necessary for preparing the ICM-DNA samples,
which was too strong for the possibly more vulnerable non-diploid cells. Some near-diploid DNA
aneuploid peaks found by FCM-DNA may not be detectable by ICM-DNA due to the slightly lower
resolution of the DNA histograms.
Although the resolution of ICM-DNA histograms is still slightly lower than that of DNA
histograms obtained by FCM-DNA, the resolution has been improved by measuring at least 2,000
nuclei, compared to previous studies where only small numbers of nuclei (between 100-400) were
analyzed.
Besides the measurements by FCM-DNA and ICM-DNA, the present study compiled data on
several clinicopathological factors. Like other studies, we found lymph node status and tumor
stage to be the most important prognostic factors indicating that the study group is comparable
to other published series.10 Next, univariate survival analysis stratified for the clinicopathological
parameters showed significant differences between DNA diploid and DNA non-diploid gastric
cancers as analyzed by ICM-DNA, for gender, age categories, tumor type, and TNM status, but not
for tumor location. For FCM-DNA variables, no such associations in subgroups were found. The
finding of male patients with ICM-DNA diploid tumors (or other related favorable ploidy groups)
having a better survival than female patients needs further investigation, since this association
could not be explained by any other stratification of available clinicopathological variables.
In general, patients with DNA diploid tumors have significantly better disease free survival
compared to those with DNA non-diploid tumors.10 In the present study, DNA ploidy assessed
by ICM-DNA was statistically significantly associated with survival differences, irrespective of the
DNA ploidy classification used. We applied three major groupings that showed increasing survival
differences in the order presented. The first was based on the traditional DNA diploid versus DNA
non-diploid. The second, DNA diploid versus DNA tetraploid versus DNA aneuploid, and last, DNA
diploid or DNA tetraploid versus DNA aneuploid, both were based on the observation that patients
with a DNA tetraploid tumor have a better or similar survival advantage as DNA diploid tumors
over DNA aneuploid tumors. Since the 9c exceeding rate was only observed in DNA tetraploid
and DNA aneuploid tumors we also investigated whether the 9c exceeding rate could add to the
survival differences already found for ICM-DNA. Note that only DNA tetraploid cases with a 9c
exceeding rate contributed to this improved difference because they shifted to the DNA aneuploid
group. ICM-DNA ploidy classification in DNA diploid or DNA tetraploid with a 9c exceeding rate of
zero compared to DNA aneuploid tumors resulted in significant disease related survival differences
for the patient group studied. DNA ploidy determined by FCM-DNA, however, showed, based on
the DNA ploidy classification used, only a trend for becoming statistically significantly associated
with disease related survival differences.
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Multivariate Cox regression analysis was performed to find out which combination of
clinicopathological features together with the DNA ploidy variables had additional prognostic
value. The multivariate Cox model indicated that – with declining relevance – lymph node status,
tumor stage and the ICM-DNA grouping C ploidy classification were of predictive value for survival.
The resulting linear prognostic score showed a highly significant correlation with disease related
survival.
In conclusion, the present study showed that gastric cancer patients with DNA non-diploid
tumors, measured by ICM-DNA in general have an unfavorable prognosis compared to gastric
cancer patients with DNA diploid tumors, and show that ICM-DNA based DNA ploidy status is
better in predicting clinical outcome in gastric cancer patients compared to FCM-DNA ploidy
status. Finally, our results suggest that ICM-DNA DNA ploidy status has additional value to lymph
node status and tumor stage in predicting prognosis of gastric cancer patients.
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Abstract
Introduction: T-lymphocyte maturation associated protein MAL has been described as a tumor
suppressor gene with diagnostic value in colorectal and esophageal cancers. Moreover, previous
studies have shown inactivation of this gene by promoter hypermethylation. The aim of the present
study was to analyze the prevalence of MAL promoter hypermethylation and the association with
mRNA expression in gastric cancers and to correlate methylation status to clinicopathological
data.
Material and Methods: Bisulfite-treated DNA isolated from formalin-fixed and paraffin embedded
samples of 202 gastric adenocarcinomas and 22 normal gastric mucosa was subjected to real-time
methylation-specific PCR (Q-MSP). Two regions within the MAL promoter (M1 and M2) were
analyzed. In addition, 17 frozen gastric carcinomas and 2 gastric cancer cell lines were analyzed
both by Q-MSP and real-time RT-PCR.
Results: Methylation of M1 and M2 occurred in 71% and 80% of the gastric cancers, respectively.
Concurrent methylation of both promoter regions was observed in 66% of the gastric
adenocarcinomas. In normal gastric mucosa methylation of MAL was not found. Hypermethylation
of M2, but not M1, correlated with significantly better disease free survival in a univariate (p=0.03)
and multivariate analysis (p=0.03) and with downregulation of expression (p=0.01).
Conclusion: These results indicate that MAL has a putative tumor suppressor gene function in gastric
cancer, and detection of promoter hypermethylation may be useful as a prognostic marker.
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Introduction
Despite the overall decreasing rates of incidence and mortality, gastric cancer remains the second
most common cause of cancer death world-wide.1 The only possible curative treatment is surgery,
but clinical outcome largely depends on the stage of the disease. Early detection of gastric cancer,
before the tumor has metastasized to the lymph nodes, can therefore contribute to reducing deaths
from gastric cancer. However, the knowledge on the molecular pathogenesis of gastric cancer and
availability of possible biomarkers with clinical value is limited. Further insight in the molecular
pathogenesis of gastric cancer will aid the discovery of new markers with high clinical relevance in
gastric cancer which is essential for improving gastric cancer prognosis.
Gastric cancers, like many other solid tumors, are characterized by the presence of genetic
instability leading to the disruption of many genes, either resulting in their activation (oncogenes)
or inactivation (tumor suppressor genes). One of the common mechanisms of inactivation of tumor
suppressor genes is promoter hypermethylation.2 Gene silencing by promoter hypermethylation has
been described in gastric cancer for multiple genes, including hMLH1, involved in DNA mismatch
repair, CDH1, involved in cell adhesion and the cell cycle regulator p16.3-6 In addition, promoter
hypermethylation of Cox2 has been shown to be an independent prognostic marker in gastric
cancer.7
In other gastrointestinal cancers, i.e. colorectal and esophageal cancer, the T-lymphocyte
maturation associated protein MAL, involved in glycolipid-enriched membrane-mediated apical
transport, has been described to be inactivated by promoter hypermethylation. 8-12 Promoter
hypermethylation of MAL was a frequent event in these two cancer types, but infrequent in normal
mucosa. Since promoter hypermethylation of MAL could already be detected in cancer precursor
lesions, it has been suggested as a tumor suppressor gene with diagnostic value.9,13 To the best of
our knowledge, MAL promoter hypermethylation has not yet been demonstrated in gastric cancers.
The aim of the present study was therefore to analyze promoter hypermethylation of MAL in gastric
cancers, its relation to gene silencing and to determine its clinical value as a prognostic marker.

Material and Methods
Material

Two hundred and two formalin-fixed and paraffin-embedded (FFPE) gastric adenocarcinoma
samples, randomly selected from the Leeds University archive and 22 normal gastric biopsy
specimens, randomly selected from the archives of the VU University Medical Center, were included
in this study. In addition, 17 snap-frozen gastric cancer tissue samples, obtained from the archives
of the department of pathology of the VU University Medical Center14 were included. Patients did
not receive chemotherapy nor radiotherapy. Moreover, two gastric cancer cell lines, IPA220 and
GP20215, kindly provided by Prof. Dr. R. Seruca (IPATIMUP, Porto, Portugal), the cervical cancer cell
line SiHA, obtained from the American Type Culture Collection (Manassas, VA, USA), and primary
human keratinocytes were included. The study was approved by the Institutional Review Board
and was in accordance with medical and ethical guidelines in place in The Netherlands.

Cell culture

Cells were maintained in standard culturing conditions. IPA220 and GP202 were cultured in RPMI
(Life Technologies, Breda, The Netherlands) supplemented with 10% fetal calf serum, 100 U/mL
penicillin, 100 µg/mL streptomycin and 2 mmol/L L-glutamine (Life Technologies, Breda, The
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Netherlands).15 The cervical cancer cell line SiHa was maintained in DMEM (Life Technologies, Breda,
The Netherlands) supplemented with 10% FCS, 100 U/mL penicillin, 100 µg/mL streptomycin and
2 mmol/L L-glutamine (Life Technologies, Breda, The Netherlands).16 Primary keratinocytes were
cultured in serum free keratinocyte growth medium (Life Technologies, Breda, The Netherlands)
supplemented with bovine pituitary extract (50 µg/ml), epidermal growth factor (5 ng/ml), penicillin
(100U/mL), streptomycin (100µg/mL) and L-glutamin (2mmol/L) (Life Technologies, Breda, The
Netherlands).17

DNA and RNA isolation procedures

DNA of the primary gastric tumor tissues was isolated as described before using a commercially
available DNA isolation kit (QIAamp microkit; Qiagen, Hilden, Germany).18,19 Briefly, areas of at
least 70% of tumor cells were marked on a 4 µm haematoxylin and eosin stained tissue section.
Tumor tissue was macro dissected from adjacent serial 10 µm sections, using a needle. After
deparaffinization, an overnight incubation at 37ºC with sodium-thio-cyanaat (1M) and a proteinase
K treatment, DNA was extracted.
DNA and RNA of the 17 snap-frozen gastric carcinoma tissue samples and gastric cancer cell
lines, SiHa cervical cancer cell line and primary keratinocytes was isolated using TRIzol reagent
(Invitrogen, Breda, The Netherlands) according to the instructions of the manufacturer, with
some modifications. Details are described elsewhere14,19 (http://www.english.vumc.nl/afdelingen/
microarrays/). All DNA and RNA concentrations and purities were measured on a Nanodrop ND1000 spectrophotometer (Isogen, IJsselstein, The Netherlands).

Bisulfite treatment and real-time methylation specific PCR

Of each DNA sample, 500 ng was used for bisulfite treatment using a commercially available DNA
modification kit (EZ DNA Methylation KitTM; Zymo Research, Orange, CA, USA).
Real-time methylation specific PCR (Q-MSP) was performed using primer sets targeting two
regions within the MAL promoter (i.e. from -680 to -573 bp (M1) and -92 to -7 bp (M2) relative to
the first ATG). Both regions within the MAL promoter were selected within the CpG island of the
MAL promoter. Amplicons were detected and quantified using Taqman probes. The housekeeping
gene β-actin was chosen as a reference for total DNA input measurement.
Q-MSP reactions were carried out in a total reaction volume of 12 µl containing 50 ng bisulfite
treated genomic DNA, 417 nM of each primer, 208 nM probe and 2X QuantiTect Probe PCR Kit
mastermix (Qiagen, Westburg, Leusden, The Netherlands). For both MAL M1 and M2 regions, the
PCR reaction was performed for 45 cycles (15 seconds at 95ºC and 60 seconds at 59ºC) with an
initial denaturation of 15 minutes at 95ºC. For each Q-MSP a standard curve of serial dilutions of
bisulfite-treated DNA (50 ng, 5 ng, 2.5 ng, 0.5 ng and 0.25 ng) of the SiHa cervical cancer cell line
was used. All samples were analyzed in duplicate. As a negative control, multiple water samples,
unmodified genomic DNA obtained from SiHa cells and unmethylated DNA obtained from primary
keratinocytes were included. To determine the relative quantity of methylation, we calculated the
ratios between MAL M1 and MAL M2 methylated DNA versus β-actin DNA (average quantity of
methylated MAL DNA/average DNA quantity for β-actin * 1000).

Real-time RT-PCR

Of each RNA sample, 1µg was reverse transcribed to cDNA using oligo(dT)20 Primer (Invitrogen,
Breda, The Netherlands) with AMV reverse transcriptase (Promega, Leiden, The Netherlands). RTPCR was performed in a total reaction volume of 25 μl, containing 22.5 μl mastermix and 2.5 μl
cDNA (25 ng). The mastermix contained 12.5 μl of SYBR Green PCR mastermix (Applied Biosystems,
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Nieuwerkerk a/d IJssel, The Netherlands) and 0.5 μM of each primer. All samples were analyzed
in duplicate in a 7300 Real-time PCR System (Applied Biosystems, Nieuwerkerk a/d IJssel, The
Netherlands). Amplification was performed in 50 cycles of 95˚C for 15 seconds and an annealing
temperature of 60˚C for 1 minute, with an initial denaturation step of 5 minutes at 95˚C. Relative
expression levels were determined from the obtained Ct values and the 2DDCt method, using
snRNP U1A as reference,20 and transformed into a ln scale. Primary keratinocytes and the SiHa
cervical cancer cell line were used as positive and negative controls respectively. Primer sequences
are described previously.21-23

Statistical analysis

Receiver operator characteristic (ROC) curves were analyzed for assessing the best cut-off value
for methylation, on all FFPE samples, assuming that normal gastric mucosae are unmethylated and
gastric carcinomas are methylated. Cut-off points were chosen based on the point on the ROC
curve showing 100% specificity. Positivity for each methylated promoter region was considered
when a specific sample had a ratio of M1/β-actin*1000 or M2/β-actin*1000 above the respective
cut-off value. A sign test was used for testing significance of differences in frequencies of M1 versus
M2 methylation.
Mann-Whitney U test was used to determine significance of differences in expression values
between methylated and unmethylated gastric carcinomas. Survival analysis was performed
using the Kaplan-Meier method, using the survival length starting from the day of surgery of the
primary tumor to the date of death due to gastric cancer (event) or to the last day of clinical followup (censored). Differences in survival length were analyzed using the log rank test. Multivariate
analysis was performed using a Cox’s proportional hazard regression model in a forward stepwise
method for variable selection. Gender, histological type, tumor stage (T-stage) and lymph node
stage (N-stage) were entered into the analysis. Chi-square test was used for calculating differences
in methylation status and tissue type, gender of the patient, histological type of the tumor and
tumor stage. T-test was used to evaluate age related differences in methylation status (SPSS 14.0
for Windows, Chicago, IL, USA). P-values below 0.05 were considered to be significant.

Results
Frequent MAL promoter methylation in gastric carcinomas

The chosen cut-off values of methylation for the M1 and M2 promoter regions, based on the ROC
curve analysis, were ratios of relative methylated DNA quantities of M1/β-actin*1000 and M2/βactin*1000 above 95 and 22, respectively, yielding a specificity of 100% for both promoter regions
and a sensitivity of 71% and 80% for M1 and M2 promoter regions, respectively. ROC curves for
both M1 and M2 promoter regions are shown in Figure 1.
Both gastric cancer cell lines, IPA220 and GP202, showed methylation of both M1 and M2
promoter regions. Of all 202 gastric adenocarcinomas tested, 143 carcinomas (70.8%) showed
methylation of the M1 promoter region and 162 carcinomas (80.2%) showed methylation of the
M2 promoter region. Methylation prevalences of M1 and M2 promoter regions were significantly
different (p = 0.004). Dense methylation, i.e. methylation of both M1 and M2 promoter regions,
was detected in 133 (65.8%) of the carcinomas. Thirty carcinomas (14.9%) were unmethylated.
All normal gastric mucosa samples were unmethylated for both regions. Chi-square test yielded
a significant difference between methylation status of gastric carcinomas and normal gastric
mucosa tissues (p < 0.001). An overview of the methylation status for both promoter regions is

201

Chapter 12
given in Table 1.

Figure 1. Receiver operator characteristics of (A) M1 promoter methylation and (B) M2 promoter methylation in 202
gastric cancers and 22 normal gastric mucosa samples (FFPE samples only), assuming that normal gastric mucosae are
unmethylated and gastric carcinomas are methylated. Chosen cut-off levels for methylation were 95 and 22 for M1 and
M2 promoter regions, respectively. This yielded a specificity of 100% for both promoter regions and a sensitivity of 71%
for M1 promoter region and 80% for the M2 promoter region.
Table 1. Overview of methylation status of M1 (-680 to -573 bp) and M2 (-92 to -7 bp) regions within the MAL promoter
for 202 gastric carcinoma tissues and 22 normal gastric mucosa tissues. Chi-Square test yielded a significant difference
between methylation status of gastric carcinomas and normal gastric mucosa tissues (p < 0.001).

no methylation
M1 methylation
M2 methylation
dense methylation

Carcinomas
n = 202
30 (14.9%)
143 (70.8%)
162 (80.2%)
133 (65.8%)

Normal mucosa
n = 22
22 (100%)
0 (0%)
0 (0%)
0 (0%)

p-value
< 0.001
< 0.001
< 0.001
< 0.001

Correlation of MAL promoter methylation and survival

Follow-up data was available for 200 out of 202 patients. Only patients without distant metastasis
at time of surgery (M0) were included, leaving 179 patients for the survival analysis. Patients with
a gastric carcinoma methylated for the M2 promoter region had a significantly better survival
compared to patients with tumors unmethylated for the M2 promoter region (p=0.03) (Figure 2).
No significant correlation was found between M2 promoter methylation and age or gender of the
patient, histological type of the tumor, T-stage and N-stage (Table 2). In addition, no significant
correlation between M1 promoter methylation status and clinicopathological characteristics,
including survival, was found.
Multivariate analysis revealed only N-stage, T-stage and MAL M2 promoter methylation status,
in order of significance, to have independent prognostic value (Table 2).

MAL promoter methylation is associated with reduced gene expression

Reduced expression of MAL relative to the housekeeping gene snRNP U1A was observed in both
gastric cancer cell lines compared to primary keratinocytes that did not show MAL promoter
hypermethylation. Of the 17 gastric cancer tissue samples tested for MAL mRNA expression, 11
202

MAL promoter hypermethylation as prognostic marker
(64.7%) were methylated for M1, 11 (64.7%) for M2 and 9 (52.9%) samples showed methylation
of both regions. Gastric carcinomas with M2 promoter methylation showed significantly lower
expression of the MAL gene compared to M2 unmethylated gastric cancers (p = 0.01) (Figure 3,
Table 3). For the M1 region, no significant differences in MAL mRNA expression were found between
methylated and unmethylated tumors.
Table 2. Overview of patient and tumor characteristics of the 179 tumors used in the univariate and multivariate survival
analysis. Absolute number and percentages are given for gender, histological type, tumor stage (T-status) and lymph node
status (N-status). Age is given as mean age and range. None of the clinicopathological characteristics were significantly
correlated with M2 promoter methylation status (p = n.s.). Multivariate analysis showed that T-stage, N-stage and M2
methylation status are prognostic variables for patient outcome. HR: hazard ratio, CI: confidence interval.

Age
Gender
Histological type

T-status

N-status

Gender
Histological type
T-stage
N-stage
MAL M2 methylation

male
female
intestinal
diffuse
mixed
T1
T2
T3
T4
N0
N1
N2
N3
unknown

Univariate analysis
Methylated
72 (52-96)
88 (62%)
55 (38%)
100 (70%)
18 (13%)
25 (17%)
10 (7%)
50 (35%)
78 (55%)
5 (3%)
41 (29%)
62 (43%)
32 (22%)
7 (5%)
1 (1%)
Multivariate analysis
HR

1.73
1.52
0.59

Unmethylated
71 (54-87)
20 (56%)
16 (44%)
23 (64%)
7 (19%)
6 (17%)
2 (6%)
16 (44%)
18 (50%)
9 (25%)
15 (42%)
8 (22%)
4 (11%)
-

p-value
n.s.
n.s.

95% CI

p-value
0.94
0.48
0.001
0.001
0.03

1.23-2.42
1.20-1.91
0.36-0.96

n.s.

n.s.

n.s.
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Figure 2. Kaplan-Meier survival analysis of 179

patients with primary gastric cancers assessed for the
methylation status of the M2 region (-92 to -7 bp) within
the MAL promoter. Patients with primary gastric cancers
methylated for the M2 promoter region (n=143) showed
a significantly better survival compared to patients
(n=36)with gastric cancers without M2 promoter
methylation (p=0.03; log rank = 4.96). The number of
patients who died of gastric cancer (events) is 70 and
22, respectively.

Figure 3. Box plots of the relative expression values of 17 gastric carcinoma tissue samples methylated and unmethylated
for the M1 (A) and M2 (B) promoter regions. Gastric carcinomas methylated for the M2 MAL promoter region show
significantly lower expression of the MAL gene compared to unmethylated gastric carcinomas (p = 0.01).

Discussion
Gastric cancer is a common disease with generally a poor prognosis.1 Biomarkers can be used to
predict prognosis and optimize therapeutic strategies. Hypermethylation of the MAL promoter
has been shown in colorectal and esophageal cancers and MAL has been proposed as a putative
tumor suppressor in these cancer types.8,10,11 Moreover, it has been proposed as candidate marker
for early detection of these cancers, since methylation of MAL could already be detected in
precursor lesions.9,13,24 In the present study we show that MAL might have a similar role in gastric
cancers, since methylation of MAL is detected at high frequency in gastric cancers and not in
normal gastric mucosa samples.
In the present study, two regions within the MAL promoter, M1 and M2, were analyzed. Q-MSP
204
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analysis showed methylation of both promoter regions in the two gastric cancer cell lines analysed,
indicating that methylation actually occurs in gastric epithelial cells. Previous studies showed protein
expression of MAL by immunohistochemistry in normal gastric mucosa. Strong expression of MAL
was observed in parietal and chief cells, but not in muscle and submucosa cells.25 Gel-based MSP
analysis revealed a small subpopulation of unmethylated cells for both the M1 and M2 promoter
regions in these cell lines (data not shown). Expression of MAL was hardly detected in both cell
lines indicating that methylation is probably the main mechanism of downregulation of this gene.
In gastric cancers, methylation of the M2 region was more frequently observed compared to the
M1 region (80.2% versus 70.8%). In consistence with what has been described by Lind et al.24, an
unequal distribution of DNA methylation within the MAL promoter was observed in gastric cancers,
with the highest frequencies of methylation in the region closest to the transcription start site. M2
region is located around the transcription start site.
Table 3. Relative ln transformed expression values (E) and methylation status for the M1 and M2 regions within the
MAL promoter of the two gastric cancer cell lines and 17 gastric carcinoma tissues.
Sample
IPA220
GP202
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

E
0.003
0.0003
0.35
0.24
0.06
0.72
0.10
0.05
0.77
0.28
0.19
2.28
0.28
0.03
0.03
0.04
5.56
0.01
0.33

M1
Methylated
Methylated
Methylated
Methylated
Methylated
Methylated
Methylated
Methylated
Methylated
Unmethylated
Unmethylated
Unmethylated
Unmethylated
Unmethylated
Methylated
Methylated
Unmethylated
Methylated
Methylated

M2
Methylated
Methylated
Methylated
Methylated
Methylated
Methylated
Methylated
Methylated
Unmethylated
Unmethylated
Unmethylated
Unmethylated
Methylated
Methylated
Methylated
Methylated
Unmethylated
Methylated
Unmethylated

Results of this study show that MAL may serve as a prognostic marker in gastric cancer, since
patients with tumors methylated for the M2 region show significantly better survival compared
to patients with tumors unmethylated for MAL or methylated only for the M1 region. This survival
benefit was independent of other clinicopathological data like age, gender, histological type of the
tumor, tumor stage, and lymph node status. Interestingly, also in Hodgkin lymphoma patients a
similar association was found with a significantly worse survival in patients whose expressed the
MAL protein compared to patients with tumors lacking MAL expression,26 indicating a prognostic
value of MAL also in other cancer models.
The finding that inactivation of MAL by methylation gives a better prognosis for the patients
may seem contradicting with a putative tumor suppressor function of this gene in gastric cancer.
However, this finding has been previously observed for the mismatch repair gene hMLH1, which
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also has a tumor suppressor function. Inactivation of this gene leads to microsatellite instability of
the tumor and patients with microsatellite instable tumors have a better prognosis compared to
patients with microsatellite stable tumors.27-29 Therefore, tumors without MAL methylation might
have a different biology overall, which could relate to poorer clinical outcome, rather than the
outcome being depending on MAL itself. However, the present study was performed retrospectively
on archival material, and therefore rather should be considered as hypothesis generating. Actual
clinical implementation of MAL promoter hypermethylation as a diagnostic marker requires further
validation in a prospective study.
To test the biological relevance of MAL promoter hypermethylation, in a subset of gastric cancers
the association between MAL promoter hypermethylation and mRNA expression was analyzed.
Results showed lower expression of MAL in gastric cancers methylated for the M1 or M2 region.
The association between promoter methylation and reduced mRNA expression strengthens the
biological relevance of MAL methylation and supports a putative role as tumor suppressor gene.
However, correlation between reduced expression and methylation of MAL was only significant for
the M2 region, indicating that M2 methylation would have more biological relevance. Two out of
17 gastric cancers showed reduced of MAL mRNA expression while the gene was unmethylated for
both promoter regions. This indicates that also other regulatory mechanisms of MAL silencing exist
in gastric cancer, which may include DNA copy number loss, other epigenetic mechanisms, altered
expression of transcription factors regulating MAL or microRNAs targeting the MAL gene.
In summary, this study shows frequent promoter hypermethylation of MAL in gastric cancers,
and not in normal gastric mucosa samples. Promoter hypermethylation of MAL is associated with
downregulation of its expression, especially when methylation occurs at the M2 region within the
promoter. Methylation of this region within the MAL promoter correlates with a significantly better
survival of the patients. Altogether, these results pinpoint MAL as a putative tumor suppressor
gene with a role in gastric cancer, which may serve as an independent prognostic marker for clinical
outcome of gastric cancer patients.
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13.1 Summary
Although incidence rates of gastric cancer are declining, it still remains the second leading cause
of cancer death worldwide.1 The only possible curative treatment is complete surgical resection.
Symptoms of gastric cancer are frequently absent until the disease reaches an advanced stage,
restricting the chance of curation by surgical treatment.2 One of the main factors contributing to
higher risk of gastric cancer is infection with H. pylori, which leads to chronic active gastritis, in
turn leading to mucosal atrophy, intestinal metaplasia followed by intraepithelial neoplasia and
ultimately will lead to an invasive carcinoma.3 Besides infection with H. pylori, several hereditary,
dietary and environmental factors have been described to influence gastric cancer risk.
Gastric cancers often show chromosomal instability, resulting in gains and losses (also referred
to as DNA copy number aberrations) of parts of or even whole chromosomes. Gastric cancer
is a heterogeneous disease at the genomic level and different patterns of DNA copy number
aberrations can reflect differences in clinical behavior and patient outcome.4,5 Array comparative
genomic hybridization (array CGH) is a powerful technique to study profiles of DNA copy number
aberrations in cancers. One of the major limitations for using array CGH remains the high costs.
Since DNA derived from formalin-fixed and paraffin-embedded (FFPE) samples can be of suboptimal
quality and therefore unsuitable for obtaining high quality array CGH results, experimental costs
can be reduced by selecting DNAs of which quality is suitable for array CGH analysis. In chapter
2 we described that isothermal amplification is a reliable predictor for identifying genomic DNAs
that are suitable for good quality array CGH outcome.6 In chapter 3 we described a method to
circumvent reference channel hybridization in every experiment, thereby reducing experimental
costs. We showed the possibility of hybridizing two test samples on one array and that a reference
channel of a different array can be used for obtaining DNA copy number profiles. We also showed
that this approach can be used to distinguish copy number aberrations (CNAs) and copy number
variations (CNVs), which have become increasingly relevant because they are easily detected with
the current high resolution oligonucleotide based array CGH platforms, in contrast to e.g. the BAC
array platforms used until recently.7
In chapter 4 we combined DNA copy number analysis with microarray expression analysis, in order
to discover new putative tumor suppressor genes involved in gastric cancer. Using siRNAs directed
against UPF1, one of the key regulators of the nonsense-mediated decay (NMD) system, we were
able to inhibit the NMD mechanism in two gastric cancer cell lines leading to the accumulation
of supposedly truncated transcripts. We performed microarray expression analysis by hybridizing
cells transfected with siRNA directed against UPF1 versus cells transfected with non-specific
siRNA duplexes (CVII). Integration of the microarray expression and array CGH data provided a
list of candidate genes putatively inactivated by nonsense mutation and deletion. We selected 12
genes that only showed one splice variant. We were able to sequence 11 of these genes. Although
we did not find mutations leading to premature termination codons, we could detect missense
mutations in some of the candidate genes. The biological consequences, if any, of the mutations
found still need to be further explored.
To better understand the molecular pathogenesis of gastric cancer, in chapter 5, we analyzed
gastric cancer precursor lesions, which have the potential to progress to malignancy, by array
CGH. We studied two different morphological types of gastric adenomas, i.e. intestinal-type
and pyloric gland adenomas, to see if distinct pathways of gastric carcinogenesis would underlie
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these two adenoma types. We showed that gains on chromosomes 8, 9q, 11q and 20, and losses
on chromosomes 5q, 6, 10 and 13 are early events in gastric carcinogenesis. We also showed that,
despite the morphological differences, these two adenoma types are rather similar in terms of
DNA copy number aberrations.8
There are two main histological types of gastric cancers according to the Laurén classification.9 It is
still controversial if these two histological types differ in terms of DNA copy number aberrations.
Some studies describe differences in DNA copy number profiles, while other studies describe similar
patterns.10-13 In addition, a third histological type of gastric cancer has been recognized, showing a
dual pattern of differentiation.14 In chapter 6 we separately analyzed DNA copy number aberrations
of the two different components within the mixed type gastric cancers by array CGH. We found
similar patterns of chromosomal aberrations in both histological components within each tumor,
showing that the morphological difference is not caused by DNA copy number aberrations.15
Gastric cancers mainly occur in the 50-70 year old age group, however still a substantial number of
young patients get gastric cancer. In chapter 7 we aimed to unravel biological differences in gastric
cancers from young and elderly patients. We studied gastric cancers of 17 young (<50 years) and
29 elderly (>70 years) patients by array CGH. Hierarchical cluster analysis revealed three clusters
with different DNA copy number profiles, significantly correlated with age group. Cluster 1 mainly
consisted of young patients and clusters 2 and 3 mainly comprised elderly patients. We showed
that the chromosomal regions 11q23.3 and 19p13.3 contributed most to the different genomic
profiles of gastric cancers in relation to age of onset. These findings indicated different pathogenic
pathways of gastric cancers in young and elderly patients.16
In chapter 8 we investigated if gastric cancers from South African patients showed different
patterns of genetic instability compared to gastric cancers from Western European patients.
The prevalence of infection with H. pylori is high, but incidence of gastric cancer is low in South
Africa. This phenomenon is termed the African enigma.17 Using microsatellite analysis we observed
higher frequencies of microsatellite instable gastric cancers in South African patients compared to
gastric cancers of Western European patients. Using array CGH and hierarchical cluster analysis,
we observed different patterns of DNA copy number aberrations in gastric cancers from South
African and Western European patients, indicating different mechanisms of gastric carcinogenesis
in gastric cancers from patients of different geographical location.
Next, we investigated if chromosomal aberrations in gastric cancers could be used to identify
subgroups of patients that would likely not benefit from intensified therapy, such as extended
surgical lymph node dissection or (neo)adjuvant chemo- or radiotherapy. Previous studies,
using array CGH and hierarchical cluster analysis, showed significant correlation between cluster
membership and lymph node status.4 In chapter 9, we analyzed a large series of 206 gastric cancers
by array CGH to obtain an overview of DNA copy number changes in gastric cancers and to
unravel chromosomal aberrations correlated to lymph node metastasis en clinical outcome. We
found that losses on chromosomes 5q, 10q and 14q were significantly more frequently observed
in lymph node negative gastric cancers, and we identified a subgroup of gastric cancers, marked
by losses on chromosomes 5q11-q31.3 and 14q32.11-q32.33, that have a good clinical outcome
after surgery alone.
In chapter 10, we analyzed DNA copy number profiles of 63 gastric cancers by array CGH and by
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Multiplex Ligation-dependent Probe Amplification (MLPA) to detect gene-specific DNA copy
number aberrations, which we correlated to clinicopathological data. We showed that gain of
chromosome 20 was significantly correlated with histological tumor type and with lymph node
metastasis. DNA copy number gain of the gene ZNF217, located on 20q13.2, was detected in
intestinal and mixed type, but not in diffuse type gastric cancers. DNA copy number gain of
TNFRS6B, located on 20q13.3, was significantly correlated to lymph node metastasis in gastric
cancers.
In chapters 11 and 12 we described prognostic markers for gastric cancer patients. In chapter 11
we used DNA ploidy status to predict prognosis of gastric cancer patients. We analyzed 221 gastric
cancers by flow cytometry and image cytometry. We showed that DNA ploidy status obtained
by image cytometry is superior in predicting prognosis compared to DNA ploidy status obtained
by flow cytometry. In addition, we found that DNA ploidy status in combination with TNM
(tumor-node-metastasis) classification is better in predicting clinical outcome compared to both
measures alone. In chapter 12 we showed that promoter hypermethylation status of MAL can be
used as prognostic marker. Moreover, we showed that promoter hypermethylation correlated
with mRNA downregulation indicating that MAL is a putative tumor suppressor gene involved
in gastric cancer.

13.2 Conclusions and future perspectives
Biological mechanisms and profiling of gastric cancer

Knowledge about the molecular pathogenesis of gastric cancer is still limited. More insight in
the biological mechanisms underlying gastric carcinogenesis is important for the development
of preventive strategies, for finding markers for early detection, for better classification of gastric
cancers in relation to choice of therapy and for finding new therapeutic targets in order to reduce
gastric cancer mortality.
Chromosomal instability is one of the hallmarks of solid tumors, including gastric cancer, and
results in gains and losses of parts of or even whole chromosomes. Microarray comparative genomic
hybridization (array CGH) is a recently developed powerful technique to study these patterns of
DNA copy number aberrations, since genome-wide information can be obtained at high resolution
in a single experiment. Furthermore, array CGH can be applied on DNA obtained from formalinfixed and paraffin-embedded (FFPE) tissue samples. This opens up the rich source of large clinical
tissue archives with detailed clinicopathological information and clinical follow-up data. One of the
major limitations for using genome-wide array CGH analysis remains the high experimental costs.
For this reason we provided, in chapters 2 and 3, different strategies to reduce experimental costs,
making array CGH more suitable for studying large series of clinical samples. Although array CGH
is very suitable for DNA copy number profiling, it does not provide information about aberrations
that do not result in DNA copy number changes, such as mutations, rearrangements and loss of
heterozygozity (LOH). Additional techniques can be used to study these abnormalities.
The field of high throughput genomics is rapidly developing. Methods that were state of the
art at the start of this PhD project, like BAC arrays, have been replaced by new platforms like
oligonucleotide based array CGH.18,19 The fact that the large scale studies initiated in this PhD
project were performed in BAC arrays while at the same time methodological innovations in the
use of oligonucleotide based array CGH were studied, illustrates the situation. New versions of
array CGH platforms are emerging with a speed comparable to what was seen for e.g. personal
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computers in the 90’s of last century.
The latest genome-wide technology in the field of genomics includes massively parallel sequencing
(MPS). This technique offers the possibility to analyze the entire genome for DNA copy number
changes, point mutations, insertions, deletions and rearrangements in one single experiment.
Cancer cell lines have already been analyzed using this technique, but studies are still limited. The
limitations posed by experimental costs exist for MPS even more extreme than for array CGH. In
the near future, this technique will probably also be generally applied on cancer tissues, providing
a whole new spectrum of biological knowledge of the cancer genome.20,21
Gastric cancer is the result of interplay between genetic and epigenetic changes. Genetic changes,
which can be reflected by chromosomal gains and losses, may lead to the activation of oncogenes
and the inactivation of tumor suppressor genes, in turn leading to gastric cancer development and
progression. Since there is a large variation in gastric cancer patients with respect to tumor type
and genetic and environmental factors, gastric cancers in different patients do not necessarily have
to develop by the exact same biological pathways. Patterns of chromosomal aberrations in tumors
may reflect different subgroups of cancers that arise through different molecular mechanisms.
In addition, certain patterns of chromosomal instability can be correlated to clinicopathological
characteristics and disease outcome. In this thesis, patterns of chromosomal aberrations could be
significantly correlated to age and origin of the gastric cancer patients. In addition, we could already
detect DNA copy number aberrations in gastric cancer precursor lesions by array CGH, indicating
that the underlying events probably occur early in gastric cancer carcinogenesis.
With BAC array CGH still large genomic regions of gains and losses are usually detected, making
it difficult to pinpoint individual genes contributing to the development or progression of gastric
cancer. A first step towards pinpointing candidate genes is described in chapter 10 and 12. Using
MLPA analysis, DNA copy number gains of specific genes were more frequently observed within a
region of chromosomal gain compared to neighboring genes and DNA copy number gains of specific
genes could be correlated to clinicopathological data. The next step is to study if gene specific DNA
copy number changes have a biological impact at the mRNA or protein expression level.
Another approach in unraveling putative tumor suppressor genes involved in gastric cancer is
by studying epigenetic changes, such as promoter hypermethylation. We showed that promoter
hypermethylation of the gene MAL correlates with reduced mRNA expression. To further evaluate
the biological role of putative oncogenes and tumor suppressor genes functional studies are
needed. Currently, we are performing functional studies on the MAL gene in gastric cancer cell
lines. By treating gastric cancer cells with 5-aza-2’-deoxycytidine we expect that the MAL gene
will be demethylated and consequently overexpressed, proving in that way that silencing of the
gene is due to its promoter hypermethylation. Moreover studies are being initiated to transfect
gastric cancer cell lines with a vector containing the MAL gene to evaluate if overexpression of
MAL impairs the ability of anchorage-independent growth and migration and invasion of gastric
cancer cells. Eventually, to prove the function of MAL as tumor suppressor gene in vivo we will
inject MAL stably transfected gastric cancer cells into mice to in order to evaluate if these cells
lose the ability of forming tumors.

Clinical implications

Secondary prevention can be used as an approach to reduce deaths from gastric cancer. In countries
with high prevalence, like Japan, endoscopic screening has been undertaken to reduce mortality
rates. In other countries, including the Netherlands, incidence rates of gastric cancers are lower
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and therefore population based screening programs are not in place. Strategies to reduce gastric
cancer death mainly focus on improving therapeutic strategies, including surgery and (neo)adjuvant
chemo- or chemoradiotherapy.
In the Netherlands, surgical treatment generally includes limited (D1) lymph node dissection
due to higher morbidity and mortality associated with extended (D2) lymph node dissections. D2
dissection can be beneficial for a subgroup of patients with regional lymph node metastasis. On
the other hand, patients with gastric cancers without lymph node metastasis will not benefit from
a D2 dissection and are unnecessarily subjected to higher risk of morbidity and mortality. Also
subgroups of gastric cancer patients with favorable outcome will hardly benefit from intensified
therapy, and will probably rather experience more harm instead. Identifying subgroups of patients
with good clinical outcome can be used to select patients who are unlikely to benefit from additional
intensified therapies
Array CGH technology might not be the option of choice for clinical practice, however, and a
PCR-based test, such as MLPA, may be more suitable. MLPA needs less amounts of input DNA,
is easier to perform and enables detection of gene-specific copy number changes. In chapter 10,
we already showed that this technique can be used to identify gene-specific DNA copy number
aberrations correlating with lymph node status. However, this still needs further optimization. In
chapter 9 we show that losses on chromosomes 5q and 14q are detected at significantly higher
frequencies in a subgroup of gastric cancers with an excellent clinical outcome after surgery alone.
Clinically it could become highly relevant to identify this, and possibly, other molecular subgroups
of gastric cancers and adjust the therapeutic regimen to the tumor biology. In this case, refrain
from e.g. intensified chemo- and/or radiotherapy. In chapters 11 and 12, we show that DNA ploidy
status and promoter hypermethylation status are able to predict prognosis of gastric cancer
patients. Combining markers may yield a better prediction of disease outcome and needs further
investigation. Using a classifier approach, we should take in consideration that subgroups of patients
have a different molecular background resulting in different DNA copy number profiles. As we have
shown in chapter 7 and 8, young and elderly patients have different patterns of gains and losses,
but also patients from different geographical location have different genomic instability patterns.
Therefore it may be necessary to optimize classifiers for each subgroup of patients.
The biological information obtained from DNA copy number profiles of gastric cancers can also
be used to predict response to therapy. Recently, randomized clinical trials (CRITICS, MAGIC-B) have
been started in The Netherlands and in the United Kingdom, in which the role of postoperative
chemo-radiation in combination with preoperative chemotherapy, and different chemotherapeutic
combinations will be evaluated, respectively. Correlation of DNA copy number profiles to drug
response can yield biomarkers which can be used to predict response to therapy. These studies
may result in more tailored treatment schemes in the future, and in this way contribute to reduce
mortality rates of gastric cancer.
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14.1 Samenvatting
Ondanks de dalende incidentie cijfers van maagkanker is het wereldwijd nog steeds de op een
na meest frequente oorzaak van sterfte aan kanker. Patiënten kunnen alleen genezen worden
wanneer bij operatie de hele tumor kan worden verwijderd. Maagkanker geeft meestal pas
symptomen wanneer de ziekte al een vergevorderd stadium heeft bereikt, waardoor volledige
operatieve verwijdering van de tumor vaak niet meer mogelijk is. Een van de belangrijkste factoren
die bijdragen aan een hoger risico op maagkanker is infectie met de bacterie H. pylori. Deze
infectie leidt tot chronische actieve ontsteking van het maagslijmvlies, gevolgd door atrofie van
dit slijmvlies, intestinale metaplasie en intraepitheliale neoplasie. Dit zal uiteindelijk leiden tot een
invasief carcinoom. Naast infectie met H. pylori zijn er andere omgevingsfactoren, bijvoorbeeld in
de voeding, en erfelijke factoren bekend die het risico op maagkanker beïnvloeden.
Maagtumoren vertonen vaak chromosomale instabiliteit, wat resulteert in verlies of toename van
delen van een chromosoom of soms zelfs hele chromosomen in tumor celkernen. Maagkanker is
een heterogene ziekte op genomisch niveau en verschillende patronen van het aantal DNA kopieën
kunnen ten grondslag liggen aan verschillen in klinisch gedrag en overleving van de patiënt. Array
comparative genomic hybridization (array CGH) is een uitermate geschikte techniek om patronen
van afwijkingen in het aantal DNA kopieën in kankercellen te bestuderen. Array CGH is een kostbare
techniek en daarom is het belangrijk om vooraf te kunnen inschatten of de kwaliteit van het te
onderzoeken DNA goed genoeg is. Hoge kosten beperken de toepassing van de techniek. DNA
afkomstig van formaline gefixeerde en in paraffine ingebed (FFPE) materiaal kan namelijk van
suboptimale kwaliteit zijn en daardoor ongeschikt voor het verkrijgen van hoge kwaliteit array CGH
resultaten. Hoofdstuk 2 beschrijft dat isothermale amplificatie een betrouwbare voorspeller is om
genomische DNAs te selecteren die goede array CGH resultaten zullen opleveren. In hoofdstuk 3
beschrijven we een manier van uitvoeren van array CGH experimenten die het hybridizeren van
een referentie kanaal in elk experiment overbodig maakt. Op deze manier kunnen experimentele
kosten worden gereduceerd. We hebben aangetoond dat het mogelijk is om twee test monsters te
hybridizeren op één array en dat het referentie kanaal van een andere array kan worden gebruikt
om profielen van aantallen DNA kopieën te verkrijgen. Deze methode kan worden gebruikt om
afwijkingen in kopie aantallen (CNAs) en variaties in kopie aantallen (CNVs) te onderscheiden.
Dit is in toenemende mate belangrijk geworden aangezien CNVs makkelijker detecteerbaar zijn
geworden met de huidige hoge resolutie oligonucleotide gebaseerde platformen, in tegenstelling
tot bijvoorbeeld de BAC array platformen die tot dusver zijn gebruikt, ook in dit proefschrift.
In hoofdstuk 4 hebben we array CGH gecombineerd met mRNA expressie analyse met behulp van
microarrays, om nieuwe kandidaat tumor suppressor genen te ontdekken die betrokken zijn bij
maagkanker. Door het gebruik van siRNAs gericht tegen UPF1, een van de sleutel regulatoren van het
‘nonsense-mediated decay’ (NMD) systeem, hebben we het NMD mechanisme in twee maagkanker
cellijnen geremd. Dit heeft geresulteerd in de opeenstapeling van vermoedelijk getrunceerde
(d.w.z. gemuteerde) transcripten. We hebben microarray expressie analyses uitgevoerd door cellen
die waren getransfecteerd met siRNA gericht tegen UPF1 te hybridizeren tegen cellen die waren
getransfecteerd met niet-specifieke siRNA duplexes (CVII). Genen die verschillend tot expressie
komen in deze monsters zijn mogelijk kandidaat gemuteerde tumor suppressor genen. We hebben
bij 11 genen met behulp van sequencing onderzocht of er inderdaad specifieke mutaties aanwezig
waren, maar we hebben deze niet kunnen vinden.
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In hoofdstuk 5 hebben we voorloper laesies van maagkanker, die de potentie hebben om maligne
te ontaarden, bestudeerd met array CGH om de moleculaire pathogenese van maagkanker beter
te leren begrijpen. We hebben twee morfologisch verschillende type maag adenomen, te weten
intestinaal-type en ‘pyloric gland’ adenomen, bestudeerd om te onderzoeken of verschillende
biologische mechanismen ten grondslag liggen aan het ontstaan van deze twee adenoom types.
We hebben aangetoond dat ‘gains’ op chromosomen 8, 9q, 11q en 20, en ‘losses’ op chromosomen
5q, 6, 10 and 13 al in een vroeg stadium van maagkanker ontwikkeling ontstaan. Bovendien hebben
we aangetoond dat, ondanks de morfologische veschillen, deze twee types adenomen vergelijkbaar
zijn in afwijkingen in het aantal DNA kopieën.
Volgens de Laurén classificatie zijn twee belangrijke histologische type maagtumoren te
onderscheiden. Het is nog steeds omstreden of deze twee histologische types verschillen in
afwijkingen in het aantal DNA kopieën. Sommige studies hebben verschillen in patronen van
chromosomale afwijkingen beschreven en ander studies vergelijkbare patronen. Naast deze types
kan er een derde histologisch type, het ‘mixed’ type, worden onderscheiden, dat een tweevoudig
differentiatie patroon vertoont. In hoofdstuk 6 hebben we de afwijkingen in het aantal DNA kopieën
in beide componenten binnen het ‘mixed’ type maagkanker afzonderlijk geanalyseerd met behulp
van array CGH. We hebben vergelijkbare patronen van chromosomale afwijkingen gevonden in
beide histologische componenten binnen een tumor, wat aantoont dat de morfologische verschillen
niet worden veroorzaakt door veranderingen in het aantal DNA kopieën.
Hoewel maagkanker vooral voorkomt in de leeftijdsgroep van 50-70 jaar, krijgt een aanzienlijk
aantal patiënten maagkanker op jonge leeftijd. Hoofdstuk 7 brengt de genetische verschillen tussen
maagtumoren van jonge en oudere patienten in kaart. We hebben maagtumoren van 17 jonge
(<50 jaar) en 29 oudere (>70 jaar) patiënten geanalyseerd met behulp van array CGH. Hierarchische
cluster analyse resulteerde in drie clusters met verschillende profielen van afwijkingen in het aantal
DNA kopieën die significant correleerden met leeftijdsgroep. Cluster 1 bestond voornamelijk
uit jonge patienten en clusters 2 en 3 vooral uit oudere patienten. We hebben aangetoond dat
de chromosomale regio’s 11q23.3 en 19p13.3 de meeste bijdrage leveren aan de verschillen in
genomische profielen met betrekking tot de leeftijd van het ontstaan van maagkanker. Deze
bevindingen vormen een aanwijzing dat het pathogenetische mechanisme van maagtumoren van
jonge en oudere patiënten verschillend is.
In hoofdstuk 8 hebben we bestudeerd of maagtumoren afkomstig van Zuid Afrikaanse en West
Europese patiënten verschillen in patronen van genetische instabiliteit. De prevalentie van infectie
met H. pylori is hoog, maar de incidentie van maagkanker is laag in Zuid Afrika. Dit fenomeen wordt
het Afrikaanse enigma genoemd. Er bleek een hogere frequentie van microsatelliet instabiliteit
aanwezig in maagtumoren van Zuid Afrikaanse patiënten dan in maagtumoren van West Europese
patiënten. Door middel van array CGH en hiërarchische cluster analyse hebben we verschillende
patronen van veranderingen in het aantal DNA kopieën geobserveerd. Dit kan betekenen dat
patiënten afkomstig uit verschillende geografische gebieden een verschillend mechanisme van
maagkanker ontwikkeling hebben.
Vervolgens hebben we onderzocht of chromosomale afwijkingen in maagkanker kunnen worden
gebruikt om subgroepen van patiënten te identificeren die een goede prognose hebben en mogelijk
geen baat hebben bij intensieve therapieën, zoals uitgebreide operatieve lymfklier verwijdering of
(neo)adjuvante chemo- of radiotherapie. Vorige studies, die gebruik hebben gemaakt van array CGH
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en hiërarchische cluster analyse, leverden aanwijzingen voor een significante correlatie tussen het
patroon van DNA kopie afwijkingen en lymfklier status. In hoofdstuk 9 hebben we 206 maagtumoren
met behulp van array CGH geanalyseerd om een overzicht te krijgen van de afwijkingen in aantallen
DNA kopieën in maagkanker en om te achterhalen welke chromosomale afwijkingen correleren
aan lymfklier metastasering en overleving van de patiënt. We hebben gevonden dat ‘losses’ op
chromosoom 5q, 10q en 14q significant vaker voorkomen in maagtumoren die niet zijn uitgezaaid
naar de lymfklieren. We hebben een subgroep van maagtumoren gevonden, gemarkeerd door
‘losses’ op chromosomen 5q11-q31.3 en 14q32.11-q32.33, die een goede overleving hebben na
alleen operatieve behandeling.
In hoofdstuk 10 hebben we profielen van veranderingen in aantal DNA kopieën van 63 maagtumoren
geanalyseerd door middel van array CGH en Multiplex Ligation-Dependent Probe Amplification
(MLPA) om gen-specifieke afwijkingen in aantallen DNA kopieën te detecteren. Deze gen-specifieke
afwijkingen hebben we gecorreleerd aan klinisch pathologische data. In deze studie vonden we dat
‘gain’ op chromosoom 20 een significante correlatie vertoond met het histologische type van de
tumor en met lymfklier metastasering. ‘Gain’ in DNA kopie aantal van het gen ZNF217, gelokaliseerd
op chromosoom 20q13.2, was gedetecteerd in intestinaal en ‘mixed’ type maagkankers, maar niet
in diffuus type maagkankers. ‘Gain’ in DNA kopie aantal van het gen TNFRF6B, gelokaliseerd op
20q13.3, was significant gecorreleerd aan lymfklier metastasen in maagkankers.
In de hoofdstukken 11 en 12 hebben we andere prognostische ‘markers’ voor maagkanker
patiënten beschreven. In hoofdstuk 11 hebben we DNA ploÏdie status gebruikt om de prognose van
maagkanker patiënten te voorspellen. We hebben 221 maagtumoren geanalyseerd door middel
van DNA flow cytometrie en DNA beeld cytometrie. We hebben aangetoond dat DNA ploïdie
status verkregen door middel van DNA beeld cytometrie beter is in het voorspellen van prognose
vergeleken DNA ploïdie status verkregen door middel van DNA flow cytometrie. Bovendien hebben
we gevonden dat DNA ploïdie status in combinatie met TNM (tumor-node-metastase) classificatie
beter is in het voorspellen van overleving dan beide variabelen alleen. In hoofdstuk 12 hebben we
laten zien dat promotor hypermethylering status van MAL kan worden gebruikt als prognostische
marker. We hebben aangetoond dat promotor hypermethylering van dit gen correleert met
verminderde expressie van het mRNA. Dit suggereert dat MAL een kandidaat tumor suppressor
gen is, betrokken bij maagkanker.

14.2 Conclusies en toekomstperspectieven
Biologische mechanismen en profileren van maagkanker

Kennis over de moleculaire pathogenese van maagkanker is beperkt. Meer inzicht in de biologische
mechanismen die ten grondslag liggen aan het ontstaan van maagkanker is belangrijk voor de
ontwikkeling van preventieve maatregelen, voor het vinden van ‘markers’ voor vroege opsporing
van maagkanker, voor betere classificatie van maagkanker in relatie tot de therapie keuze en voor
het vinden van nieuwe aangrijpingspunten voor nieuwe geneesmiddelen met als doel de mortaliteit
door maagkanker te verminderen.
Chromosomale instabiliteit is een van de kenmerken van solide tumoren, waaronder maagkanker,
en resulteert in ‘gains’ en ‘losses’ van delen van chromosomen of zelfs hele chromosomen, ook
wel DNA kopie veranderingen genoemd. Microarray comparative genomic hybridization (array
CGH) is een recent ontwikkelde krachtige techniek om deze patronen van afwijkingen van het
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aantal DNA kopieën te bestuderen. In één experiment kan op hoge resolutie informatie worden
verkregen over het hele genoom. Bovendien kan array CGH worden toegepast op DNA afkomstig
van formaline gefixeerde en in paraffine ingebed (FFPE) weefsels. Dit maakt het mogelijk om grote
series klinisch archief materiaal te bestuderen met vaak gedetailleerde klinische pathologische
informatie en gegevens over klinisch beloop. Hoge experimentele kosten zijn een van de belangrijkste
beperkingen voor het gebruik van array CGH. Daarom hebben we, in hoofdstuk 2 en 3, verschillende
strategieën toegepast om experimentele kosten te reduceren om op die manier array CGH meer
geschikt te maken voor het bestuderen van grote series klinisch materiaal. Ondanks dat array CGH
erg geschikt is om afwijkingen in aantallen DNA kopieën te bestuderen, levert deze techniek geen
informatie over afwijkingen die niet resulteren in numerieke DNA afwijkingen, zoals mutaties,
translocaties en verlies van heterozygositeit (LOH). Andere technieken kunnen worden gebruikt
om deze afwijkingen te bestuderen.
Op het gebied van ‘high throughput genomics’ zijn veel ontwikkelingen gaande. Methoden
die nog zeer geavanceerd waren aan het begin van dit promotie traject, zoals BAC arrays, zijn
vervangen door nieuwe platformen zoals hoge resolutie oligonucleotide gebaseerde array CGH.
Het feit dat de grote studies van dit promotie project zijn gedaan op BAC arrays en tegelijkertijd
methodologische vernieuwingen worden beschreven gebruik makend van oligonucleotide arrays,
illustreert deze situatie. Nieuwe methoden om DNA kopie aantallen te meten worden met hoge
snelheid ontwikkeld, vergelijkbaar met de ontwikkeling van computers in de jaren 90 van de
vorige eeuw.
De laatste genoom-brede technologieën op het gebied van de genomics betreft ‘massively
parallel sequencing’ (MSP). Deze techniek biedt de mogelijkheid om het hele genoom te
bestuderen op numerieke DNA afwijkingen, punt mutaties, inserties, deleties en translocaties,
in een enkel experiment. De beperkingen door experimentele kosten zijn voor MSP echter nog
meer uitgesproken dan voor array CGH. In de nabije toekomst zal deze techniek ook op tumor
materiaal worden toegepast, wat een heel nieuw inzicht in biologische kennis over het kanker
genoom zal geven.
Maagkanker is het resultaat van een wisselwerking tussen genetische en epigenetische veranderingen
die leiden tot ontregeling van cruciale biologische processen in de cel. Genetische veranderingen
leiden vaak tot chromosomale ‘gains’ en ‘losses’ en kunnen leiden tot het activeren van oncogenen
en het uitschakelen van tumor suppressor genen, die vervolgens leiden tot maagkanker ontwikkeling
en progressie. Er is grote variatie in maagkanker patiënten wat betreft tumor type en genetische en
omgevingsfactoren. Daarom ontwikkelt maagkanker in verschillende patiënten niet volgens precies
hetzelfde biologische mechanisme, wat kan leiden tot verschillen in fenotype en klinisch beloop.
In dit proefschrift hebben we aangetoond dat patronen van chromosomale afwijkingen significant
correleren met leeftijd en afkomst van maagkanker patiënten. Bovendien hebben we met behulp
van array CGH in voorloper laesies van maagkanker patronen van DNA afwijkingen gevonden.
Dit suggereert dat de onderliggende veranderingen waarschijnlijk vroeg in de ontwikkeling van
maagkanker plaatsvinden.
Met BAC array CGH worden vooral grote genomische regio’s met een ‘gain’ of ‘loss’ gedetecteerd.
Dit maakt het moeilijk om individuele genen aan te wijzen die bijdragen aan de ontwikkeling
of progressie van maagkanker. Een eerste stap richting het aanwijzen van kandidaat genen is
beschreven in hoofdstuk 10 en 12. Door middel van MLPA analyse hebben we aangetoond dat
binnen een regio van chromosomale ‘gain’ specifieke genen vaker een toename in aantal DNA
kopieën vertonen in vergelijking tot andere genen in die regio. ‘Gain’ in het aantal DNA kopieën
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van specifieke genen konden worden gecorreleerd met klinische pathologische data. De volgende
stap is om te onderzoeken of deze gen-specifieke DNA afwijkingen een biologisch effect hebben
op mRNA of eiwit expressie niveau.
Een andere benadering in het ontrafelen van vermoedelijk tumor suppressor genen betrokken bij
maagkanker, is het bestuderen van epigenetische veranderingen, zoals promotor hypermethylering.
We hebben aangetoond dat promotor hypermethylering van het gen MAL correleert met
verminderde mRNA expressie van dit gen. Om de biologische rol van vermoedelijke oncogenen
of tumor suprressor genen verder te onderzoeken, zijn functionele studies noodzakelijk. Op dit
moment zijn we functionele studies aan het uitvoeren voor het MAL gen in maagkanker cel lijnen.
Door maagkanker cellen te behandelen met 5-aza-2’deoxycytidine verwachten we dat het MAL
gen wordt gedemethyleerd met overexpressie als gevolg. Dit zou het bewijs leveren dat ‘silencing’
van het gen een gevolg is van promotor hypermethylering. Tevens zijn we studies aan het opzetten
om maagkanker cel lijnen te transfecteren met een vector die het MAL gen bevat, zodat we
kunnen onderzoeken of overexpressie van MAL de mogelijkheid tot verankeringonafhankelijke
groei, migratie en invasieve groei van maagkanker cellen beperkt. Om de functie van MAL als
tumor suppressor gen in vivo te bewijzen, zullen we uiteindelijk maagkanker cel lijnen die zijn
getransfecteerd met MAL in muizen moeten injecteren om te kunnen evalueren of deze cellen de
mogelijkheid hebben verloren tot tumorvorming.

Klinische implicaties

Secundaire preventie, of vroege opsporing, kan worden gebruikt om de hoge sterfte door maagkanker
te reduceren. In landen met hoge prevalentie, zoals Japan, wordt een vorm van bevolkingsonderzoek
toegepast met behulp van endoscopie om maagkanker sterfte te reduceren. In andere landen,
zoals Nederland, is de incidentie van maagkanker lager, waardoor een bevolkingsonderzoek niet
opportuun is. Mogelijk zou het wel relevant zijn om specifieke risicogroepen, zoals patiënten
met intestinale metaplasie van het maagslijmvlies, frequent te controleren. Echter, strategieën
om maagkanker sterfte te verminderen in Nederland zijn vooral gericht op het verbeteren van
therapeutische interventies zoals chirurgie en (neo)adjuvante chemo- of chemoradiotherapie.
In Nederland betekent chirurgische behandeling vaak operatieve verwijdering van de maag met
een beperkte (D1) lymfklier dissectie, omdat de uitgebreide (D2) lymfklier dissectie is geassocieerd
met een hogere morbiditeit en mortaliteit. Een subgroep patiënten met regionale lymfklier
metastasering heeft echter mogelijk baat bij een D2 dissectie. Patiënten met maagkanker zonder
lymfklier metastasen zullen echter geen voordeel hebben van een D2 dissectie, terwijl ze wel het
risico zouden hebben van meer morbiditeit en mortaliteit. Bovendien hebben maagkanker patiënten
met een goede overleving nauwelijks baat bij intensieve behandelingen, en zullen waarschijnlijk
meer nadelige effecten ondervinden. Het identificeren van deze subgroepen van patiënten met
goede overleving kan worden gebruikt om patiënten te selecteren die waarschijnlijk geen voordeel
hebben bij aanvullende intensieve behandelingen.
In de kliniek zal uiteindelijk de array CGH techniek misschien niet de techniek van keuze blijken te
zijn voor het bepalen van DNA kopie status, maar zal een PCR gebaseerde test, zoals MLPA, mogelijk
meer geschikt zijn. Voor MLPA is minder DNA nodig, het is makkelijker uit te voeren en het maakt
de detectie van gen-specifieke afwijkingen in het aantal DNA kopieën mogelijk. In hoofdstuk 10
hebben we laten zien dat deze techniek kan worden gebruikt om gen-specifieke afwijkingen in het
DNA te correleren met lymfklier status. Verdere optimalisatie is echter nodig. In hoofdstuk 9 hebben
we aangetoond dat ‘losses’ op chromosoom 5q en 14q significant vaker worden gedetecteerd in
een subgroep van maagtumoren met een goede overleving na alleen operatieve behandeling.
Klinisch kan het erg belangrijk worden om deze subgroep te identificeren, en mogelijk ook andere
222

Summary in Dutch
moleculaire maagkanker subgroepen, zodat de therapeutische behandelingen kunnen worden
gebaseerd op de tumor biologie. In dit geval zou dit betekenen het afzien van bijvoorbeeld intensieve
chemo- en/of radiotherapie. In de hoofdstukken 11 en 12 hebben we aangetoond dat het mogelijk
is om op basis van DNA ploidie status en status van promotor hypermethylering de prognose van
maagkanker patiënten te voorspellen. Het combineren van ‘markers’ zou een betere voorspelling
van het ziekteverloop kunnen geven en zal verder moeten worden uitgezocht. Bij het gebruik
van dergelijke biologische criteria voor het kiezen van de meest optimale behandeling voor de
individuele patiënt, moeten we rekening houden met het feit dat er subgroepen patiënten bestaan
met verschillende moleculaire achtergronden wat de uitkomst van een dergelijk moleculaire of
genetische test kan beïnvloeden. Zoals we in hoofdstuk 7 en 8 hebben aangetoond, hebben jonge en
oudere patiënten verschillende patronen van ‘gains’ en ‘losses’, maar ook patiënten van verschillende
geografische gebieden hebben verschillende patronen van genomische instabiliteit. Het kan daarom
nodig zijn om een moleculaire test te optimaliseren voor elke subgroep patiënten.
De biologische informatie die wordt verkregen uit maagkanker profielen van DNA afwijkingen
kan ook worden gebruikt voor het voorspellen van succesvolle therapeutische behandelingen.
Recent zijn er gerandomiseerde klinische trials (CRITICS, MAGIC-B) gestart in Nederland en
in Groot-Brittannië, waarin de rol van postoperatieve chemo-radiotherapie in combinatie
met preoperatieve chemotherapie en verschillende combinaties van chemotherapie worden
geëvalueerd. Het correleren van profielen van DNA afwijkingen in het tumorweefsel met de
respons op therapie, kan nieuwe diagnostische testen opleveren die kunnen worden gebruikt
om de respons op therapie te voorspellen. Deze studies zullen in de toekomst resulteren in meer
op maat gemaakte behandelingsschema’s, en op die manier naar verwachting bijdragen aan het
verminderen van de hoge mortaliteitscijfers van maagkanker en/of negatieve bijwerkingen van de
behandeling verminderen.
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Chapter 1. General introduction
Figure 5. Principles of array CGH.
Schematic overview of the microarray CGH
technique. Tumor and reference DNA are
labeled with Cy3 and Cy5 respectively, and
hybridized on a microarray slide containing
DNA fragments of the genome. Images of
the fluorescent signals are obtained by
scanning and green-to-red signal ratios are
digitally quantified for each target. (From:
Weiss et al. J. Clin. Pathol: Mol. Pathol,
1999; 52:243-251.)

Chapter 4. NMD inhibition fails to identify tumor suppressor genes in microsatellite
stable gastric cancer cells

Figure 2. Mutations analysis of PTPRJ in the IPA220
siRNA transfected cells yielded three polymorphisms,
A1183C on exon 5 (A), G1333A on exon 6 (B) and G2972C
on exon 13 (C).
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Chapter 5. DNA copy number profiles of gastric cancer precursor lesions

Figure 1. Haematoxilin and eosin staining (original magnification ×400) of intestinal-type (A) and pyloric gland (B) gastric
adenomas. A. Intestinal-type adenoma of the stomach composed of irregularly arranged glands composed of intestinaltype epithelium with eosinophilic cytoplasm and enlarged nuclei. B. Pyloric gland adenoma of the stomach composed of
densely back to back packed glands consisting of cells with pale cytoplasm and small round hyperchromatic nuclei.

Chapter 8. Gastric cancers of Western European and African patients show different
patterns of genomic instability

Figure 1. Cluster analysis of 56 gastric adenocarcinomas of which 32, 17 and 7 were obtained from Western European,
black SA and white SA patients, respectively. Hierarchical cluster analysis yielded 7 clusters significantly correlated
with the different tumor groups (p<0.001). Columns represent the different tumors and rows represent the different
chromosomal regions, with chromosome 1 at the bottom and chromosome 22 at the top of the heatmap. DNA copy
number gains and losses are indicated in green and red, respectively. The yellow and blue bar next to the cluster represents
the chromosome separation.
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